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Electrochemical methods were used to determine the

effect of microemulsion (nE) composition on the

microstructure of sodium dodecylsulfate (SDS)/1-

pentanol/dodecane/0.1 M NaCl(aq) /¿Es and the effect of
microstructure on probe reactivity.

Chronocoulometry was used to measure diffusion

coefficients (DR or DQ) of electroactive probes. Oil phase

structure was reflected by DR of ferrocene (Fc), D0 of
ferricyanide (Fe(CN)6'3) reflected the water phase structure

and D0 of methyl viologen (MV*2) reflected the surfactant/

membrane structure. Both droplet and bicontinuous micro¬

structures were detected. Droplet sizes were determined

from Dr of Fc through the Stokes-Einstein equation.

Changes in electrochemical activity with changes in

microstructure were determined by cyclic voltammetry. Oil-
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soluble compounds were modeled by Fc0/+. Water soluble

compounds were modeled by Fe(CN)6'3/'4. Probe interactions
with the surfactant were modeled by Mv+2/+‘/0. Quinones,

specifically 1,4-benzoquinone, ubiquinone 0 and ubiquinone

50, modeled biological compounds. Formal potential (E°') is

related to partitioning constants and diffusion

coefficients. Since these are a function of /J.E composition,

E° ' can be controlled by altering /zE composition.

Alternatively, partitioning constants can be determined by

shifts in E°'. Kinetics of electron transfer and probe

adsorption are affected by surfactant adsorption on the

electrode. Kinetics are unchanged if the probe easily

penetrates the surfactant, slowed if the probe is repelled

by adsorbed surfactant or enhanced if the probe is attracted

to adsorbed surfactant. Kinetics can be altered by changes

in ¡jlE composition which modify the surfactant layer.

Adsorption of hydrophobic probes was eliminated by probe

solubilization in the oil phase and weak adsorption of

probes with both electrostatic and hydrophobic interactions

with the adsorbed surfactant was observed. Quinones in /zEs

react from a protic environment (although not necessarily

the aqueous phase). Exchange across the surfactant layer,

both the membrane phase and that adsorbed on the electrode,

was slow for ubiquinones.
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CHAPTER 1
INTRODUCTION

Properties and Applications

Microemulsions (/¿Es) are thermodynamically stable

mixtures of oil, water and surfactant [1], Often they also

contain a cosurfactant, which is usually a medium chain

alcohol. Inorganic electrolytes, such as NaCl, may also be

included in the mixture. Besides being thermodynamically

stable, /¿Es are microscopically heterogeneous with distinct

oil and water regions. Other useful properties of /¿Es

include low interfacial tensions [2,3], high interfacial

areas [4,5], optical transparency [4,6-8] and controllable

microstructure [2,9].

One application of /¿Es is as an alternative to

conventional solvents [2,8,10]. Being microscopically

heterogeneous, /¿Es can solubilize significant amounts of

both oil-soluble and water-soluble compounds [8,11]. For

instance, while the solubility of ferrocene in water is only

0.05 mM [12], cetyltrimethylammonium bromide (CTAB) /¿Es

containing ca. 90% water can dissolve more than 5 mM of

ferrocene [13]. Since reagents in /xEs are localized,

effective local concentrations are increased. This can

increase reaction rates [7,8,11,14,15]. The localization of

1
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reactant can also limit possible mechanisms for reactions

[4,8] e.g., reducing side reactions, such as isolating a

fluorophor from a quencher [5]. The rate of reaction can be

controlled when ¡jlE structure is changed [5,6,16]. Reactions

can be followed spectroscopically, since iiEs are optically

isotropic [4,6,7,8].

The heterogeneity of ¡jlEs makes them also of interest as

biomimetic systems [4,6,9,16,17]. As in biological systems,

reactions in /xEs often occur within or across an interface

[4,18]. Effects of interfacial environment on biologically

significant reactions were shown by Letts and Mackay [18],

who studied the incorporation of copper into tetraphenyl-

porphine in different /xE systems. Khmelnitsky et al. [9]

have shown that catalytic activity of trypsin is determined

by microstructure.

Determination of Microstructure

On the microscopic level, jtxEs organize into specific

structures, with distinct oil and water regions [1,6,19].

In juEs with high water content, i.e. oil-in-water (O/VI) ij.Es ,

oil is confined to discrete droplets and water acts as a

continuous phase. The droplets are surrounded by a well-

defined layer of surfactant and cosurfactant [20], which is

often referred to as the membrane phase (Figure 1-1A).

Similarly, water-in-oil (W/0) ¿xEs have high oil content and

water droplets, surrounded by the membrane phase, exist in a
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Figure 1-1 Microstructures of Microemülsions

A) 0/W droplet /lie
B) W/O droplet /iE
C) Bicontinuous /iE
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continuous phase of oil (Figure 1-1B). If both oil and

water content of the solution are significant, the so-called

bicontinuous ¡J.E is formed. In such systems, both oil and

water act as continuous phases, with a sponge-like

organization (Figure 1-1C) [21]. As with droplet ¡jlEs , the

membrane phase separates the oil from the water [6].

As described above, iiE structure is generally

determined by its relative oil and water content. However,

other factors also influence structure. Of these,

cosurfactant chain length has the most significant effect

[22-24]. Medium chain length alcohols, such as butanol and

pentanol, promote bicontinuous structures [22,24]. On the

other hand, longer chain alcohols promote a droplet

structure [22,24]. Other composition effects are observed

primarily in droplet fj.Es. In W/0 ¿¿Es, shorter chain oils

are more likely to penetrate into the membrane layer. This

causes a more rigid and curved membrane phase and,

therefore, smaller droplets [23]. The nature of the

surfactant, including headgroup size and charge, counterion

and chain length have only a slight influence on structure

[24]. However, W/0 /¿Es can be perturbed toward bicontinuous

structures with reduction of surfactant chain length [24].

In W/0 /¿Es, droplet size can be increased by increasing the

cosurfactant/surfactant ratio or decreasing electrolyte

concentration [2,23]. Similarly, the droplet size of a 0/W

/¿E can be increased by decreasing the cosurfactant/
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surfactant ratio or increasing the electrolyte concentration

[2,3,23,25,26].

Many techniques have been used to determine the

microstructure of /iEs. Quasielastic light scattering (QELS)

[17,19,25,26,27] and small angle neutron scattering (SANS)

[21,28] have been used to determine droplet size in both 0/W

and W/0 systems. Fluorescence quenching [29-31] has been

used to determine surfactant aggregation number or the

number of surfactant monomers attached to the droplet. From

this number, droplet size can be determined. Typical

droplet radii are 30-300 Á [4,5,17].

The techniques mentioned above are used only to

determine droplet size. Consequently, they provide little

useful information about bicontinuous /¿Es. Fourier

transform pulsed gradient spin echo nuclear magnetic

resonance (NMR) may be used to determine the microstructure

of both droplet and bicontinuous /¿Es [1,22,32] through

measurement of the self-diffusion coefficient of each /iE

component. If the diffusing species is attached to the ¡jlE

droplet, it cannot diffuse over macroscopic distances and,

therefore, the diffusion coefficient measured is the

diffusion coefficient of the droplet (Ddrop) [19,26,33]. For
example, in an O/W /¿E, the species attached to the droplet

would be either oil or surfactant. The Stokes-Einstein

equation relates Ddrop to droplet size. Typical self¬
diffusion coefficients of species confined to juE droplets
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are on the order of 10‘7 cm2/s [24,32]. On the other hand,

typical self-diffusion coefficients of the continuous phase

species in a droplet nEs are slightly lower than in neat

liquid (D°) due to the obstruction effect [20,32,34-36].

Typical values of D° = 10'5 cm2/s [22,32]. The obstruction

effect slows the self-diffusion coefficient of a component

in a continuous phase by lengthening its diffusion path.

For example, the volume excluded by oil and surfactant in an

0/W fj,E will lengthen the diffusion path of water, since

water will not penetrate the oil droplets [20]. In

bicontinuous /zEs, the volume of excluded phase is larger

than in droplet nEs and the self-diffusion coefficients of

both oil (Dojl) and water (Dwater) are lower than in the
continuous phase of a droplet ¡iE. Typical Dojl and Dwater
values in bicontinuous /zEs are 2-10 X 10'6 cm2/s [24,32].

These self-diffusion coefficients are lower than the self¬

diffusion coefficient values of the same component in a neat

liquid and higher than the values for the same component in

droplets. Since the diffusion path of the surfactant is

restricted by both oil and water, its self-diffusion

coefficient (Dsurf) in bicontinuous /lzEs is lower than either

DoU or Dwater, typically ca. 1 X 10'6 cm2/s [3,24,32].

Electrochemical methods offer a simple and convenient

method to determine /zE structure with the same versatility

as NMR. With electrochemical techniques, the diffusion

coefficient of an electroactive probe (D1) will measure
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diffusion in the phase in which the probe resides

[12,13,19]. Consequently, D' determines /¿E structure in the

same manner as self-diffusion coefficients from NMR. For

example, a probe which resides in droplets typically has D1

= 10'7 cm2/s [13,19,26] and a probe in a bicontinuous phase

has D' on the order of 10'6 cm2/s [13]. Electrochemical

methods can also be used to determine droplet size from the

D' of a probe attached to the droplet. Like self-diffusion

coefficient values from NMR, D' is related to droplet size

by the Stokes-Einstein equation. Droplet sizes determined

electrochemically compare well with those from other

techniques, such as QELS [13,19,26]. In addition,

electrochemical techniques can be used to study redox and

related chemical reactivity in the microheterogeneous

environment of /¿Es [11-13,37,38].

Purpose of this Study

In this work, electrochemical methods were used to

determine the structure of an anionic fiE of sodium

dodecylsulfate (SDS)/1-pentanol/dodecane/0.1 M NaCl(aq) and
to determine the parameters which control the structure. In

addition, reactivity as a function of /¿E structure was

evaluated. Since many phospholipids, which are components

of biological membranes, carry a negative charge, an anionic

ME should provide a better model for biological systems than

cationic or nonionic mEs. The large mE region [39] allows
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changes in structure to be observed over a wide range of

compositions. Since this /xE has been well-characterized in

the literature, there is sufficient data for comparison of

electrochemical results to those obtained by other methods.

Diffusion coefficients of well-characterized probes

were measured and used to determine /xE structure at

different compositions. Ferrocene (Fc) was used to probe

the oil phase of the . Because of its low solubility in

water [12] compared to dodecane [40], Fc resides almost

completely in the oil phase. Water-soluble ferricyanide

(Fe(CN)6'3) was used to probe the aqueous phase. Since

Fe(CN)6'3 is negatively charged, it does not interact with

the anionic surfactant. Methyl viologen (MV+2) was used to

probe the membrane phase. Since MV*2 is a cationic, water-

soluble probe, it associates with the anionic surfactant

layer.

The effect of /xE structure/composition on the

reactivity of these probes was also investigated. Both

formal potential (reactivity) and electrochemical

reversibility (kinetics) were affected by /xE composition.

1,4-Benzoquinone (BQ), ubiquinone 0 (UQO) and ubiquinone 50

(UQ50) were used to model changes in reactivity of simple

biological molecules with /lxE composition.

Effects of nE composition on structure and reactivity
were also shown by comparison of the results of this study

to the results of a study of a CTAB/l-butanol/hexadecane/
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water ¡iE [13]. Differences in structure of juEs were

demonstrated by a comparison of diffusion coefficients of

probes residing in similar phases. In the CTAB /¿E, Fc

probed the oil phase, MV+2 probed the aqueous phase and

Fe(CN)6‘3 probed the membrane phase. Reactivity and kinetics

of these probes were shown to be different in CTAB than in

SDS /iEs.



CHAPTER 2
EXPERIMENTAL

Materials

Sodium lauryl sulfate (sodium dodecylsulfate, SDS),

sodium chloride (NaCl), potassium chloride (KC1), 1,4-

benzoquinone (BQ), n,n1-dimethylformamide (DMF), HPLC grade

acetonitrile (ACN) and potassium ferricyanide (Fe(CN)6‘3)
were obtained from Fisher. 1-Pentanol, 2,3-dimethoxy-5-

methyl-1,4-benzoquinone (ubiquinone 0, UQO) and methyl

viologen dichloride hydrate (MV*2) were obtained from

Aldrich. Ferrocene (Fc) was from Arapahoe Chemicals.

Tetraethylammonium perchlorate (TEAP) and tetraethylammonium

chloride (TEAC) were obtained from Kodak. n-Dodecane was

from Alfa products. Water used was deionized and then

distilled. Both DMF and ACN were dried over 4Á molecular

sieves (Fisher) before use. All other chemicals were used

without further purification.

Phosphate buffer of ionic strength 1.0 M was prepared

from anhydrous dibasic sodium phosphate, NA2HP04
(Mallinckrodt), and monobasic sodium phosphate, NAH2P04-H20
(Mallinckrodt, Fisher), in deionized distilled water.

Adjustments of pH of the buffer solutions were made by

10
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adding a small amount of either phosphoric acid, H3P04

(Mallinckrodt), or sodium hydroxide, NaOH (Fisher).

Apparatus

For cyclic voltammetry (CV) and chronocoulometry a

Bioanalytical Systems Electrochemical Analyzer (BAS-100) was

used. In the electrochemical measurements, which were

conducted in a three electrode configuration, the working

electrode was glassy carbon (GC) from High Performance,

Englewood, CA, or Electrosynthesis. Glassy carbon

electrodes were prepared by sealing a glassy carbon rod (3

mm in diameter) in a glass tube with epoxy cement (Dexter).

Mercury was used to electrically connect GC to a copper wire

lead. The auxiliary electrode was a platinum wire and the

reference was a saturated calomel electrode (SCE). Before

each measurement, GC working electrodes were polished with

Gamal gamma alumina/water slurry (Fisher) on a microcloth

using Ecomet 1 polishing wheel (Beuhler). After polishing,
the electrodes were ultrasonicated in deionized distilled

water for about five minutes immediately before use.

Ultraviolet spectra were recorded using a Tracor

Northern TN-6500 diode array spectrophotometer.

Methods

Working electrode areas were determined by

chronocoulometry using 3.1 X 10'3 M Fe(CN)6‘3 (aq) *
in 0.5 M KC1
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Using the diffusion coefficient, D0 = 7.6 x 10'6 cm2/s [41],
GC electrode areas were determined to be 0.07±0.01 cm2. In

the measurements of electrode area, the pulse width was 250

ms and the potential was stepped from +0.400 to -0.100 V.

Typical resistances in juEs were between 100 to 500 U

before compensation and were compensated to less than 50 n

using the BAS-100. Peak potentials (Ep) and peak currents

(ip) were measured after iR compensation. The separation of

anodic (Epa) and cathodic (Epc) peak potentials, AEp, was

used to estimate the kinetics of electron transfer. For

reversible (fast) systems, AEp = 60/n mV, where n = number

of electrons transferred. Systems with slower kinetics

(i.e. quasi-reversible or irreversible) have AEp > 60/n mV.

Peak current (ip) depends on scan rate (v) . For diffusion
controlled systems, ip « v1/2 and for adsorption controlled
systems, ip « v. Thus slopes of 0.5 of a log i vs. log v

plot indicate diffusion controlled behavior. Slopes > 0.5

indicate adsorption effects. Slopes < 0.5 occur when slow

kinetics decrease ip. Reactivity of an electroactive probe
in solution is related to its formal potential. Formal

potential, E0', was estimated as E° ' = E1/2 = (Epa + Epc)/2.
As kinetics become slower, E1/2 becomes a less accurate
estimate of E°1.

The potential step window for chronocoulometry was

chosen following CV. The potential was stepped from a

potential where no electrochemical reaction occurs to a
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potential where the electrochemical reaction is diffusion

limited. Pulse widths were 250 ms. Diffusion coefficients

for the reduced, DR, or the oxidized, DQ, form of a probe
were calculated from slopes of plots of Q vs t1/2 [42]. All

measurements were carried out at 25±2°C and all potentials

(including values from the literature) are cited vs. SCE.

Preparation of Microemulsions

The phase diagram of the SDS /xE used in this study

(Figure 2-1) has been reported [39]. The diagram of the

pseudo three-component system represents aqueous (0.1 M

NaCl(gq)) , oil (dodecane) and emulsifier (1:2 ratio of

surfactant (SDS) to cosurfactant (1-pentanol)) phases in

weight percent (w/w) . The composition of the ¡jlE was varied

along the two straight, solid lines shown in Figure 2-1.

These lines correspond to keeping the ratio of oil to

emulsifier constant at 1:10 (A) or at 2:10 (B), while

changing the ratio of oil to water. The range of

compositions which was investigated corresponds to a

relatively low oil content (< 10% oil) and a range of water

content from 89% to 34%. Specific compositions are

summarized in Table 2-1. In the text, /xEs are referred to

by their ratio of water to oil. For example, a SDS nE with

89% water, 1% oil and 10% emulsifier is an 89/1 SDS ¿¿E.

Since % water was varied over a wide range, results in the

figures are plotted versus % water. It is apparent that in
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Figure 2-1 Pseudo Three-Component Phase Diagram

From reference 39. Aqueous phase is 0.1 M NaCl(a),oil phase is dodecane, and emulsifier is a 2:1 aq
ratio of 1-pentanol to SDS. Units are in weight
percent (w/w). The two straight lines indicate
dilution lines used in jxE preparation, with
constant oil to emulsifier ratio of 1:10 (A) and
2:10 (B). Exact compositions are listed in Table
2-1. Points on these lines correspond to specific
compositions.
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Table 2-1
SDS Microemulsion Compositions Used in This Work

MEa% brineb %dodecane %SDS %1-pentanol

34/6c 34.02 5.94 20.09 39.96

45/5c 45.00 5.03 16.64 33.33

52/8d 52.02 8.00 13.32 26.66

56/4C 56.12 4.01 13.27 26.60

64/6d 64.00 6.00 10.00 20.00

67/3c 67.02 3.00 10.01 19.96

76/4d 76.00 4.00 6.66 13.34

88/2d 88.02 1.98 3.32 6.68

89/lc 89.00 1.00 3.35 6.66

aunits are weight ]percent (w/w)

b0.1 M NaCl(aq), unbuffered, pH « 5.6

coil to emulsifier ratio = 1:10

doil to emulsifier ratio = 2:10
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this investigation changes in /¿E composition show the effect

of dilution by water.

In preparing /¿Es, each component was added by weight

and the solution was mechanically stirred until clear and

homogeneous. The /xEs were stable for several months and

could be frozen and thawed. Ultrasonication was used to aid

in dissolving the electroactive probes in /uEs.

The reduction of oxygen is observed at ca. -0.550 V

in /¿Es. With the exception of MV*2, the potential window in

which CV was conducted did not overlap with the potential

window for oxygen reduction.

In the case of MV*2, however, the reduction of oxygen

interferes with the first reduction peak of MV+2.

Therefore, solutions of MV+2 were deaerated with nitrogen

(N2) before measurements. The solution was purged with N2
using a bubbler containing juE which was first deaerated for

at least 30 minutes. The composition of /iE used in the

bubbler was the same as that used to make the solution of

MV+2. Deoxygenation was confirmed by CV which showed

disappearance of the oxygen peak at -0.550 V. A positive

pressure of N2 was maintained throughout CV and

chronocoulometic experiments when MV*2 solutions were

studied.
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Stability of 1.4-Benzoquinone in Microemulsions

1,4-Benzoquinone (BQ) reacts in the presence of light

to form hydroquinone (QH2) and 2-hydroxy-l,4-benzoquinone

(QOH) [43].

2BQ QH2 + QOH (2-1)

The disappearance of BQ can by monitored by ultraviolet (uv)

spectroscopy, where the absorbance maximum (Amax) of BQ is
255 nm in both aqueous solutions and in /iEs. In aqueous

solutions after one hour, the absorbance at Amax, and,

therefore, [BQ], is 80% of the original value. After one

hour, a decrease in [BQ] is also detected by a decrease of

i in CV.

In SDS mEs, BQ is less stable than in aqueous

solutions. The rate of BQ decomposition depends on /¿E

composition and [BQ]. After one hour, uv spectra show that

[BQ] is 75% of the original concentration in an 89/1 SDS juE

and 70% of the original concentration in a 45/5 SDS ¡J.E. The

solutions used in CV were more concentrated than those used

in uv. Therefore, decomposition of BQ in solutions used for

CV is more rapid than in solutions used for uv spectroscopy.

For example, i of BQ in a 45/5 SDS /xE decreases to 20% of

its original value after one hour. Therefore,

electrochemical experiments were conducted immediately

following preparation of BQ solutions and i errors are

larger than for the other probes.



CHAPTER 3
DETERMINATION OF MICROEMULSION STRUCTURE

Water Rich Microemulsions

Diffusion of Ferrocene (Fc)

Ferrocene (Fc) is a hydrophobic probe with a reported

solubility in water of 0.05 mM [12] and a solubility in

dodecane of 0.15 M [40]. Since Fc concentrations in juEs

were typically 3 mM, i.e. significantly greater than its

water solubility, the probe is expected to reside primarily

in the oil phase. The concentration was limited to 3 mM by

solubility in the ijlE. In SDS ¡j.Es with Fc concentrations

from 1-3 mM, diffusion coefficients (DR) and formal
potentials (E1/2 = (Epa + Epc)/2 « E°') were not dependent on

the concentration of the probe (Table 3-1). In CTAB iiEs,

dependence of DR on probe concentration was observed at [Fc]

< 5 mM [13]. The oxidation product of Fc, ferricinium

cation (Fc+) , is water soluble. Water solubility of Fc+ has

been demonstrated in micellar solutions, where D0 « Daq = 6.7
X 10'6 cm2/s [12,38], rather than a lower D0 («10'7 cm2/s)
typical of the electroactive probe interacting with

micelles.

18
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Table 3-1
Diffusion Coefficients and Formal Potentials of Ferrocene

(Fc) in SDS Microemulsions

MEa [Fc] DRb X 106 E1/2
(mM) (cm2/s) (mV)

89/1 0.77 0.81±0.02 +22514
1.84 0.53±0.03 +22113
2.25 0.58±0.03 +21913

67/3 0.94 3.2 3±0.06 +27515
1.97 2.84±0.04 +26712
2.88 2.7 3±0.04 +27319

45/5 0.83 4.3110.04 +297116
1.52 4.0610.13 +29113
2.44 3.3610.02 +299111
3.15 3.4610.05 +29114

aSee Table 2-1 for exact SDS /¿E compositions.

b°, - D' used in equations 3-4 and 3-5
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In water rich SDS /zEs, oil-soluble Fc was expected to

reside in droplets, with DR reflecting the diffusion
coefficient of droplets (Ddrop) . In 89/1 SDS /zE, Fc DR = 5.8
X 10'7 cm2/s, ca. an order of magnitude lower than in aqueous

solutions (Dr aq = 6.7 X 10'6 cm2/s [12]) or in dodecane (DR oU

= 4.4 X 10*6 cm2/s [44]). Therefore, DR does not reflect Fc
diffusion through a continuous phase but is consistent with

the expected diffusion with the droplet and is a measure of

Ddrop C45!* The self-diffusion coefficient of oil in O/W /zEs
measured by NMR is typically Dojl « 10'7 cm2/s [32], in
agreement with this model [22,33,36]. Measurement of

droplet diffusion by QELS also gives Ddrop « io'7 cm2/s [26].
Diffusion coefficient is related to droplet size by

the Stokes-Einstein equation:

D = kT/67rrjr (3-1)

where D is the diffusion coefficient (cm2/s), k is the

Boltzman constant (J/K) , T is the temperature (K) , r; is the

viscosity of the solvent (P), and r is the radius of the

diffusing species (cm) . Since DR of Fc reflects Ddrop, it can
be used to calculate droplet size from equation 3-1.

Typical droplet sizes which were obtained from such

calculations correspond well to droplet sizes determined by

techniques such as QELS [25] and SANS [28]. Calculations of

droplet sizes from electrochemical DR are discussed in
detail in a later section of this chapter.
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Diffusion of Methyl Viologen (MV*2)

Water soluble MV*2 is reduced through a stable cation

radical, MV**, to water insoluble MV°:

MV*2 + e' ** MV** (3-2)

MV** + e' MV° (3-3)

The MV*2 is expected to associate with the anionic SDS in

the membrane layer. Typical MV*2 concentrations were 1 mM,

since at higher concentrations the ¡J.E became turbid. This

demonstrates that SDS /¿E structure is sensitive to

electrolyte concentration and changes in electrolyte

concentration can result in a solution which does not form a

HE.

In water rich nEs, MV*2 should be electrostatically

attached to the anionic membrane layer of the droplet and,

like Fc, can be used to measure droplet diffusion. In all

SDS iiEs tested, D0 is significantly lower than in aqueous

solutions, where D0 aq = 6.56 X 10'6 cm2/s [46]. The low D0
indicates that the probe moves with the aggregates.

However, D0 of MV*2 is not as low as Ddrop [3,13,19,26,32],
nor DS(jrf [32], both of which are ca. 10'7 cm2/s.
Partitioning of MV*2 between the membrane and aqueous phases

may contribute to higher electrochemical D0. Effects of

partitioning on electrochemical D0 will be discussed in
detail in a later section of this chapter.
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Due to electrostatic repulsion from the membrane, the

water soluble anions, Fe(CN)6'3 and its reduction product,

Fe(CN)6'4, reside in the aqueous phase of SDS fj.Es.

Concentrations of Fe(CN)6'3 were typically 1 mM; similar to

the effect of MV*2, higher concentrations were found to

cause turbidity.

Since Fe(CN)6'3 resides in the aqueous phase, its D0
should be a measure of probe diffusion in water. In an 89/1

SDS /¿E, the diffusion coefficient of Fe(CN)6‘3, D0 = 5.9 X
10'6 cm2/s, is only slightly lower than D0 NaCl(aq) = 6.7 (±0.1) X
10'6 cm2/s and D0 KCt(aq) = 7.6 X 10'6 cm2/s [41]. The small
decrease in D0 can be attributed to the obstruction effect.

In NMR studies, a similar obstruction effect was shown to

reduce Dwatep. For example, in a 0/W SDS/l-butanol/toluene/

water /¿E, Dwater = 1.5 X 10'5 cm2/s, compared to neat water,

D°
water = 2*27 X 10'5 cmVs [32].

Partitioning

As is apparent from D0 values obtained for MV+2 in a

water rich ¿xE, probe partitioning can affect diffusion

coefficients. Partitioning will also occur with other

probes, as demonstrated with Fc in CTAB /xEs [13]. In a

multicomponent system, such as a fiE, all electrochemical

diffusion coefficients are affected by probe partitioning

[46] because of the resulting multiple diffusional paths.
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These paths occur because of place (mass) or electron

exchange across phases. Low concentrations and large

differences in E°' decrease the driving force of an

electron-exchange reaction [47]. In droplet /zEs,

partitioning can contribute to higher diffusion coefficient

values than expected for Ddrop. In the /zEs studied in this
work, electron exchange is unlikely since it requires a

similar formal potential (E°') in both hydrophobic and

hydrophilic phases [47]. As shown in Tables 3-2 and 3-3,

E1/2 of Fc and of MV+2 in /zEs are significantly different from

the E°'aq. (Table 3-4 containing the electrochemical
figures of merit for Fe(CN)6'3 is included following Table

3-2 and 3-3 for comparison.) However, residence times of

probes in /zEs are typically ca. 10'5 to 10‘3 s [8]. This is

faster than the time scale of chronocoulometry, which was

used to measure diffusion coefficients. Therefore, cross¬

phase place exchange may be considered rapid.

The relationship between apparent diffusion

coefficient (D') measured electrochemically and diffusion

coefficient of the droplet (Ddrop) depends on the rate of
exchange across the phases [46]. When exchange between

phases is fast, the D' may be expressed as

D' = D1f1 + D2f2 (3-4)

where, for a droplet ¿uE, D1 = Daq, and f1 is the fraction of
probe in the aqueous phase; D2 = Ddrop and f2 is the fraction
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Table 3-2
Electrochemical Figures of Merit of Ferrocene (Fc) in SDS

Microemulsions

[FC] /xEa F kh1/2 AEpb i b
pa

i /i bpa/ J-pc Dr X 106
(mM) (mV) (mV) (/LtA) (cm2/s)

4.98 ACNc +419±4 61±8 160±5 0.9910.09

2.11 34/6 +311±3 64±6 24.3±0.1 1.2910.08 3.871.11

3.15 45/5 +291±4 67±8 33.6±1.7 1.1610.09 3.461.05

3.13 52/8 +292±6 75±6 34.4±0.6 1.3110.06 3.301.03

2.80 56/4 +282±1 62±2 30.1±0.6 1.2610.04 3.041.06

3.06 64/6 +287±6 68±6 34.1±0.4 1.3010.02 3.261.03

2.88 67/3 +273±9 74±18 2 8.8±0.9 1.1410.13 2.731.03

2.98 76/4 +268±7 72±14 27.110.7 1.3110.06 2.381.07

2.87 88/2 +22 0±4 59±9 9.310.1 1.1510.05 0.321.01

1.54 89/1 +219±3 55±5 9.410.2 1.0810.05 0.581.03

— SDSd + 195 — — — 0.61

— aqe +160 — — — 6.7

aSee Table 2-1 for exact SDS /uE compositions.

bv = 100 mV/s, iR compensation to < 50 D

c0.5 M TEAC in ACN

d0.28 M SDS in 0.1 M NaCl(aq) [37]
e0.1 M NaCl(aq) [38]



Electrochemical

Table3-3

FiguresofMeritofMethylViologen(MV+2)inSDSMicroemulsions
[MV+2]

HEa

E1/2,1

AEp^

ibxpc1

ipcl/ipal6

E1/2,2

AEp2b

ib1pc2

■*-pc2/^pa2

Dr'X10

(mM)

(mV)

(mV)

(MA)

(mV)

(mV)

(MA)

(cm2/s)

1.10

34/6

632±6

55±12

3.4±0.6
0.6010.14
94417

67114

4.710.4
2.3510.67
1.510.1

1.08

45/5

641±3

52±6

4.0±0.2
0.6410.06
95416

59111

5.010.2
1.6710.18
1.610.1

1.07

52/8

642±5

57±9

3.7±0.3
0.5410.08
94817

67113

5.410.1
1.6410.33
1.710.1

0.99

56/4

646±6

49±11

4.710.7
0.7210.17
95816

61111

5.110.1
1.5010.25
2.110.1

1.21

64/6

654±6

57±11

6.310.1
0.8410.02
96216

53112

6.210.1
1.2910.07
2.310.1

1.19

67/3

665±3

59±6

5.510.4
0.6810.07
98314

6618

6.210.2
1.4710.12
1.810.2

1.13

88/2

668±3

60±6

6.310.5
0.6410.06
101414

6318

6.010.2
1.0510.11
2.510.2

1.31

89/1

664±5

61±10

7.610.6
0.7010.07
101515

62110

7.110.2
1.0610.06
3.310.3

1.0

SDSC

650

70

4.3

1.23

1120

40

3.5

1.52

0.95

1.0

aqc

690

60

11.8

1.09

1020

30

10.3

—

6.56

aSeeTable2-1forexactSDS/xEcompositions. bv=100mV/s,iRcompensationto<50n caq=50mMNaCl(aq),SDS=50mMNaCl(aq)+70mMSDS[48]
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Table 3-4
Electrochemical Figures of Merit of Ferricyanide (Fe(CN)6‘3)

in SDS Microemulsions

[Fe(CN)6'3] /lEa E b^1/2 AEpb i /i bpc' pa D0' X 106
(mM) (mV) (mV) (MA) (cm2/s)
1.04 34/6 +222±11 81122 4.410.2 1.1810.06 0.5410.01

1.37 45/5 +200±14 108128 6.010.6 1.1310.24 0.3210.01

1.19 52/8 +2 00±7 157116 4.810.2 1.0910.07 0.9210.04

1.05 56/4 +180±13 269126 2.510.3 1.0010.16 1.010.1

1.14 64/6 +171±14 381127 5.910.3 1.5910.42 1.810.1

1.09 67/3 +173±15 364130 6.110.2 1.2210.06 1.610.1

1.05 76/4 +154±3 6 607172 4.210.1 1.7610.16 4.010.1

1.10 88/2 +154120 308140 8.910.1 2.0210.21 5.310.2

1.17 89/1 +15115 846110 9.510.2 2.3710.29 5.910.1

2.68 SDSC +140123 885145 22.11.5 2.2110.20 5.210.3

2.46 aqd +172125 152160 31.412.3 0.9810.13 6.710.1

aSee Table 2-1 for exact SDS nE compositions.

bv = 100 mV/s, iR compensation to < 50 n

c2.97 mM SDS in 0.1 M NaCl(aq)
d0.1 M NaCl(aq)
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of the probe in the droplet [46]. For bicontinuous mEs, D,
= Dgq and D2 is a diffusion coefficient for a probe in the

continuous oil phase.

If more than one probe is bound to a droplet, D' may

depend on probe concentration, Cx (See Appendix A). The

dependence of D' on Cx has been described by Rusling et al.

[48] where

D' = D:/(l + CMKnCxn'1) + D2CMKnCxn'1/(l + CHKnCx"'1) (3-5)

In equation 3-5, CM = total droplet concentration, n = the

number of probe molecules bound to a droplet, and Kn is the

equilibrium constant for the binding of n solute molecules

to a droplet:

M + nX « MXn (3-6)

where M = droplet and X = probe. More specifically, Kn =

nK' , where K' is

K'n = [MXJ/([M][X]n) (3-7)

In SDS mEs, D' = Dr of Fc does not depend on Cx (Table
3-1). According to equation 3-5, this will occur if n = 1.

However, since high concentrations of Fc were used in this

work, it is reasonable that a droplet will contain more than

one probe (n > 1). Thus, n = 1 cannot explain the

independence of DR on [Fc]. If Kn, CH, or Cxn'1 is very low,
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D' will be independent of Cx and D' a D1 = Daq. Since DR of
Fc « Daq/ this does also not explain the independence of DR
on [Fc]. However, if Kn, CH or Cxn*1 is high, D' a D2 = Ddrop.
This behavior is consistent with the observed DR of Fc,
where DR does not change with [Fc] and DR ~Ddrop. Unlike in
SDS mEs, D' depends on [Fc] in CTAB ¿¿Es [13]. Since Cx and

CH are similar in SDS and CTAB ¿zEs, differences in the

dependence of D' on Cx must be due to differences in Kn. A

higher Kn in SDS /zEs leads to D' approaching D2 at lower Cx
than in CTAB nEs, resulting in the observed independence of

D' on Cx in SDS juEs in the same concentration range.

Determination of Droplet Size

As discussed previously, DR of Fc a Ddrop in SDS /zEs.
However, to accurately determine Ddrop partitioning must be
considered. In this work, [Fc] is close to its solubility
limit in SDS /zEs. Therefore, the solubility of Fc in water

(5 X 10*3 mM [12]) is used to calculate f1 and f2. Using
equation 3-4, these fractions, DR of Fc = D' and Dgq = D,,,
Ddrop (°2) -*-s calculated [12,38]. For an 89/1 SDS nE, Ddrop =
3.6 X 10'7 cm2/s is calculated. Using the calculated Ddrop and
assuming the viscosity of the continuous phase to be r?water =

0.0089 P, the droplet radius (r) is 68 Á from equation 3-1.

Table 3-5 lists droplet sizes (r) for several O/W /zEs.



DropletSizes
and

Table3-5 Microemulsion
Composition

/LlEa

%aq

%oil

%em

salt

s:cb

[Fc]

D'X106
■WX10‘

radius'

(mM)

(cm2/s)
(cm2/s)

(A)

SDS

89.0

1.0

10.0

0.1MNaCl
1:2

1.54

0.58

0.36

68

SDS

89.0

1.0

10.0

0.1MNaCl
2:1

1.91

0.52

0.34

72

SDS

88.0

2.0

10.0

0.1MNaCl
1:2

2.87

0.32

0.20

123

SDS

79.0

5.0

16.0

none

1:2

3.310.190.09 byfluorescence[29]
272

52

CTAB

88.6

1.0

10.4

none

1:1

4.93

0.57

0.50

49

CTAB

89.8

2.3

6.9

1%NaBr

1:2

4.090.71 bySANS[28]
0.63

40 35-45

CTAB

91

2

6

1%NaBr

1:2

byQELS[25]

56

amicroemulsion,compositioninweightpercentunlessotherwisenoted. SDSnE:aq=water;oil=dodecane;em=SDS+l-pentanol;salt=electrolyteinwater CTAB/¿E:aq=water;oil=hexadecane;em=CTAB+l-butanol;salt=electrolyteinnE bsurfactanttocosurfactantratio diffusioncoefficientofthedropletcalculatedfromequation3-4usingFcwater solubility(0.05mM[12])andDaq=6.7X10‘6cm2/s[12,38]ofFcinwater. dradiuscalculatedfromDdropandtheStokes-Einsteinequation(3-1),assumingaqueous continuousphaseviscosity(r?)=0.0089P

K)

V£>
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Values in Table 3-5 are consistent with the values obtained

by other methods which are also listed in Table 3-5.

From QELS it has been shown that if /liE oil content

increases, droplet size increases [25]. This is confirmed

by electrochemical results obtained here. For example, r =

123 A in an 88/2 SDS nE, when oil content is twice that of

the 89/1 /xE, where r = 68 A (Table 3-5) . Increasing the

surfactant to cosurfactant ratio (s:c) decreases the

hydrophilicity of the ¿iE and as a result droplet size, but

to a lesser extent than the changes in oil content. For

example, the 89/1 SDS /xE, where r = 68 A, has s:c = 1:2, but

if s:c = 2:1, r = 72 A (Table 3-5).

Bicontinuous Microemulsions

Structural Changes with Water Dilution

Diffusion coefficients of electroactive probes in

bicontinuous /xEs correspond to values of diffusion

coefficients in neat liquids. However, diffusion

coefficients in /xEs are lower because of obstruction due to

the presence of the membrane phase and the phase in which

the probe does not reside. The larger the volume of these

phases, the more obstruction which will occur and the lower

the diffusion coefficient. Since Fc resides in the oil

phase, as the volume of the obstructing water phase
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decreases, DR of Fc will increase. Results in Figure 3-1

show this increase in DR as water content decreases.

According to equation 3-1, the observed increasing DR
of Fc will correspond to a decrease in droplet size if Fc

continues to diffuse with the oil droplets. However, with a

decrease in /xE water content, oil content increases and,

therefore, size and/or number of oil droplets will increase

[2,25,31,39,49]. Therefore, changes in droplet size cannot

explain the increase in DR. However, with an increase in
the size and number of droplets, coalescence of droplets is

more likely. Thus, a continuous path through the oil phase

is formed and diffusion through this pseudo-continuous phase

becomes important. This new diffusion path leads to an

increase in DR. From results in Figure 3-1, it is concluded

that with decreasing water content, this form of diffusion

becomes more important.

When continuous diffusion paths through both the oil

and water phase exist, the structure is considered

bicontinuous. The transition from droplet to bicontinuous

structures is confirmed by comparing electrochemical and NMR

diffusion coefficients where changes in DR of Fc with
composition follow Doil values from NMR for both SDS and CTAB

/¿Es. For example, when water content is high, Dojl and DR of
Fc are ca. 10'7 cm2/s [22,32,36,50-53], consistent with a /xE

droplet structure. From NMR, as water content decreases,
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Figure 3-1 Dependence of DR of Fc on Composition

Microemulsion composition is expressed in
weight percent water. See Table 2-1 for exact
compositions.
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DoU increases, approaching D°oil (neat liquid) but not
achieving it [50-52]. This is consistent with a transition

from discrete oil droplets to a bicontinuous structure with

oil as a pseudo-continuous phase. Specifically, in a

bicontinuous SDS/l-butanol/toluene/water ¡J.E, Dtoluene = 8 X
10'6 cm2/s, while D"toluene = 2.4 X 10'5 cm2/s [32]. Similarly,

electrochemically determined DR of Fc increases as the water
content decreases, without reaching DR ojl = 4.4 X 10'6 cm2/s
[44] (Figure 3-1).

While Dr of Fc corresponds to DqU from NMR, DQ of

Fe(CN)6’3 in SDS ¿¿Es corresponds to Dwater. In /¿Es with high
water content, D0 is slightly less than D0NaCUaq)* Similarly
from NMR, Dwater is slightly less than D°water [32] in these
systems. Like Dwater, D0 is reduced because of obstruction of

aqueous diffusion by oil droplets [33,36,52-54]. The

changes in DQ follow changes in Dwater (Figure 3-2) . As water
content decreases, D0 decreases due to increasing
obstruction of Fe(CN)6'3 diffusion. The increased
obstruction is a result of increasing amount of the

obstructing oil phase as water content decreases. In CTAB

/xEs, Dq of MV*2 reflects diffusion in the aqueous phase,

since MV*2 is repelled from the CTAB membrane. Like D0 of

Fe(CN)6'3 in SDS ¿¿Es, D0 of MV*2 in CTAB ¿¿Es decreases as

water content decreases [13] due to obstruction (Figure

3-2) .
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Figure 3-2 Dependence of Dn of Fe(CN)/3 and of MV+2 on /¿E
Composition 6
Microemulsion Composition is expressed in
weight percent water. See Table 2-1 for exact
composition.
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The D0 of MV*2 in SDS ¿¿Es is a measure of the

diffusion of the membrane or surfactant phase. In SDS fiEs,

D0 is significantly lower than D0 aq and changes little with
composition (Table 3-3). Similarly, the low Dsurf from NMR
does not change significantly with composition [22,32],

since the movement of surfactant is restricted at all

compositions. In droplet juEs, surfactant, like oil,

diffuses with the droplets. In bicontinuous systems,

diffusion of surfactant is confined to the interface and is

thus slow, typically Dsurf = 1 X 10'6 cm2/s [22,50,51]. The D0
of MV*2, which is ca. 2 X 10'6 cm2/s, is larger than Dsurf,
probably due to a contribution to D0 from diffusion of MV*2
in the agueous phase as a result of MV*2 partitioning

between the membrane and the agueous phase. In CTAB /uEs, D0
of Fe(CN)6'3 reflects Dsurf and is lower than DQ of MV*2 in SDS

ME [13]. This is due to greater partitioning of Fe(CN)6'3
into the membrane phase.

Effect of Oil to Emulsifier Ratio

As shown for Fc, diffusion of the probe through the

oil phase is significant in bicontinuous systems. Both

electrochemical and NMR results show that diffusion of Fc in

bicontinuous ¿¿Es is slower than in neat liquid due to the

obstruction by the surfactant and water phases [50-52].

Consequently, bicontinuous juEs with higher oil to emulsifier
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(o:e) ratio will cause less obstruction and, therefore,

higher diffusion coefficients will be measured. This is

shown for Fc in a system with a ratio of o:e = 2:10, where

Dr of Fc is higher than in comparable systems where the o:e

=1:10 (Figure 3-3).

Effect of Electrolyte

The transition from a droplet to a bicontinuous

structure will occur at different compositions, depending on

\iE components. For example, Figure 3-1 shows that DR of Fc
in SDS /xEs reaches the high (> 1 X 10'6 cm2/s) values which

are characteristic of a bicontinuous /¿E at higher water

content than in CTAB /lEs. Shielding of the droplet charge

by an inorganic electrolyte may lead to more facile droplet

merging [30]. Thus SDS /¿Es, which contain NaCl, favor a

bicontinuous microstructure at lower oil content than CTAB

HEs which do not contain NaCl. This electrolyte effect can

also be seen when an SDS /¿E lacks electrolyte. In a 79/5

SDS /¿E in the absence of 0.1 M NaCl(gq), Fc D( = 2.2 X 10‘7
cm2/s, typical of Ddrop. However, for the same 79/5 system in
the presence of 0.1 M NaCl(aq), Fc DR = 1.2 X 10‘6 cm2/s. The
higher DR in the presence of NaCl must reflect bicontinuous

structure since the value is typical of diffusion in a

continuous phase and is significantly larger than Ddrop,
which is typically ca. 10'7 cm2/s. Other studies have shown
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Figure 3-3 Dependence of DR of Fc on nE Composition for
Oil-to-Emulsifier Ratio of 1:10 and of 2:10

Microemulsion Composition expressed in weight
percent water. See Table 2-1 for exact
compositions.
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that droplet size increases when electrolyte is added to the

aqueous phase of an 0/W nE [2,23]. An increase in droplet

size should correspond to a decrease in DR (equation 3-1).
Since experimentally, DR with added NaCl is larger, it must

reflect a facile transition of large droplets to a

bicontinuous structure. As /xE composition changes, neither

Dr of Fc nor D0 of Fe(CN)6'3 show an abrupt change, which
would be expected if the change from droplets to

bicontinuous structures occurred at a specific composition.

Results from NMR also do not show such a change from

droplet to bicontinuous structures [55].

Role of Electroactive Probe in Structure Determination

As is clear from the results, electrochemically

measured diffusion coefficients can be used to determine /xE

microstructure by appropriate choice of probes. In both

CTAB and SDS /xEs, electrochemically determined DR of Fc is a

measure of diffusion of oil and is comparable to Dojl from
NMR (Figure 3-1). Diffusion in the aqueous phase is

measured by D0 of Fe(CN)6'3 in SDS /xEs and DQ of MV*2 in CTAB
\iEs, since both are water soluble and do not associate with

the surfactant in the membrane due to electrostatic

repulsion. For this reason, D0 values for MV*2 in CTAB ¿xEs

are comparable to values of DQ for Fe(CN)6'3 in SDS /xEs and

Dwater froin NMR (Figure 3-2) . As with changes in D0 of
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Fe(CN)6'3 and Dwater with fiE composition, the decrease in MV+2
D0 with decreasing water content [13] is due to obstruction.

In SDS fiEs, Dq of MV*2, like D0 of Fe(CN)6'3 in CTAB flEs,
correlates well with Dsurf [32] showing little change in D0
with composition.

In bicontinuous SDS fiEs, Dr of Fc is larger than in
CTAB ¡jlEs of similar compositions (Figure 3-1) . This is

probably due to the differences in the viscosity of the oil

phase for each fiE and to differences in Fc solubility in

each fiE. Viscosity (r?) of the hexadecane oil phase in CTAB

MEs is ca. twice that of the dodecane oil phase in SDS fj.Es

^hexadecane = 3*34 CP [44], r?dodecane = 1-35 CP [44]). It follows
from equation 3-1 that diffusion coefficient will be lower

in hexadecane and consequently DR of Fc will be lower in
CTAB fiEs.



CHAPTER 4
PROBE REACTIVITY IN MICROEMULSIONS

Formal Potentials

Reactivity of Fc0/*—Partitioning and Diffusion Coefficients

The standard potential, E°, is the potential at 25°C

when all species in solution are at unit activity. The

potential when the concentration of the oxidized form of the

probe (Ox) and the reduced form (Red) are 1.0 M and pH = 7

is called the standard redox potential (E0') by biochemists.
In this work, reactivity is measured using the formal

potential, E0', where [Ox] = [Red] for specific solutions.

For a reversible system, E° ' « E1/2 « (Epa + Epc)/2. As the
system becomes less reversible, the approximation of E" =

E1/2 becomes less accurate. However, E1/2 can still be used
to observe trends in reactivity.

In droplet 89/1 SDS ¡J.E, E1/2 of Fc = +0.219±0.003 V,
which is 59 mV more positive than its aqueous formal

potential, E°' = +0.160 V [38]. Since Fc is solubilized

primarily in the oil, and ferricinium ion (Fc+) is

solubilized in water [12,38], their diffusion coefficients,

Dr and D0 respectively, are not equal. The difference

40
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between DR and DQ will cause a shift in E1/2 vs. E° ' [42]
where

ei/2 = E°'aq + (RT/nF) In (Dr/D0)1/2 (4-1)

In this system, Fc DR = 5.8 X 10‘7 cm2/s from chrono-

coulometry, and Fc+ D0 = D0 aq = 6.7 X 10‘6 cm2/s [12,38].
With these values, a negative 31 mV shift vs. E°' is

predicted from equation 4-1. Since the experimental E1/2 is
more positive than the E”aq, differences between DR and D0
cannot account for the observed shift in E1/2. The
partitioning of Fc and Fc+ between /¿E phases directly

affects E1/2 as well. Considering the membrane and oil phase
as one, the relevant equilibria can be expressed as [12,37]

FC+(a
Tiko
Fc

aq)

(oil)

FC,'(ac
tlkR
FC

aq)

(oil)

(4-2)

where aq and oil represent the aqueous and oil/membrane

phases, respectively. The partitioning constants KQ (for
the oxidized form of the probe) and KR (for the reduced form
of the probe) are defined as

*0 = COx(N)]/[Ox(oU)] = [Fc*(,q)]/[FC*(0U)] (4-3)

and

Kk “ [Red(«,,]/[Red(oU>] - (4-4)
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In aggregate systems such as droplet /xEs, partitioning

constants measured experimentally (Kg' and K,,') will be

V = [O’WVttO’W)! “ <4-5)

and

V = tRed(aq)]CH/[Red(oiD] - Vn (4“6)

where CH is the concentration of aggregates, i.e. droplets

in a droplet /xE. In micellar solutions containing

aggregates, typical CM values are in the mM range [29,48]

and /xE droplet concentrations should be similar [29]. In a

strict definition of Kg' and KR1 for the equilibria between

aggregates and the probe, CH must be defined as the
concentration of aggregates without a probe. However, if

Poisson distribution is assumed, i.e. that the solubil¬

ization of one probe in an aggregate does not affect

solubilization of the next probe, then CM = total droplet
concentration [56].

Ohsawa and Aoyagui [37] have shown that for systems

such as the one described in equation 4-2, E1/2 dependence on

Kr and Kg can be described by (See Appendix B)

E1/2 = E<"aq + RT/nF In (DR/Dg)1/2
+ RT/nF In (KgU+KJ/K^l+Kg) } (4-7)

Since Fc+ is water soluble, Kg»l. Therefore, equation 4-7

reduces to
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E1/2 = E°'aq + RT/nF ln (VDo)1/Z
+ RT/nF In { (1+Kj^)/Kjj} (4-8)

Using in equation 4-8, Fc DR = 5.8 X 10‘7 cm2/s determined
from chronocoulometry, D0 aq for Fc+ = DQ = 6.7 X 10'6 cm2/s
[12,38], E° 'aq = +0.160 V [38] and E,/2 = +0.219 V from CV, KR
is estimated to be 3 X 10'2. This K,^ value is consistent
with literature values for binding of hydrophobic probes

[57] to micelles. The K,, calculated from the shift in E1/2
is also consistent with K,, calculated from the water

solubility of Fc. Using equation 4-4, [Fcaq] = 0.05 mM [38]
and [FcoU] = [Fctotal] - [Fcaq] = 1.49 mM, then KR = 3 X 10’2.

With decreasing /¿E water content, E1/2 of Fc becomes
more positive (Figure 4-1) . In a 34/6 SDS /¿E, Fc E1/2 =

+0.311 V, 151 mV more positive than E° 'aq (Table 3-2). In
this system, DR has increased to 3.9 X 10‘6 cm2/s (Table 3-2)

and D0 of Fc+ will be lower than in the 89/1 system because

of the increased obstruction effect. Like Fc+, Fe(CN)6'3 and

hydroquinone are water soluble and in ¡jlEs of similar

composition, DQ = 5.4 X 10‘7 cm2/s for Fe(CN)6'3 and DR = 3 X
10’7 cm2/s for hydroquinone [39]. From these values, the

minimum D0 must be 3 X 10'7 cm2/s. Using these values for DR,

D0 and KR = 3 X 10'2 in equation 4-8, the maximum E1/2 shift,
due solely to changes in diffusion coefficient with

composition, is +123 mV. While the direction of the shift

is correct, the magnitude is not sufficient to account for
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the observed +151 mV shift. Therefore, Kg must be a

function of fiE composition. Using the values above for DR
and D0 in equation 4-8, it follows that for the 34/6 SDS /¿E,

Kg < 1 X 10'2, which is a decrease from the Kg value in the

89/1 SDS fiE. According to equation 4-6, Kg will decrease
when CH increases. In the bicontinuous 34/6 SDS /xE, CM
obviously cannot be a measure of droplet concentration, as

defined for the 89/1 /xE. However, since the probe

partitions into the oil and membrane phases of the /xE, CM
must be related to their concentration in bicontinuous fiEs.

Oil and surfactant content, thus CH, is greater in the 3 4/6

/xE than in 89/1 fiE. Therefore, the observed decrease in KR
is consistent with equation 4-6.

As shown in Figure 4-1, E1/2 of Fc in CTAB /xEs is more

positive than in SDS fiEs of similar composition.

Differences in DR do not account for the differences in E1/2
in droplet fiEs. Since, DR is about the same in droplet SDS

(Table 3-2) and CTAB fj.Es [13] and to obtain the more

positive E1/2, Dq would have to be much lower in CTAB than in

the SDS system. This is unlikely since electrostatic

attraction of Fc+ to the SDS predicts lower D0 in SDS /xEs.
It is more likely that KR is smaller in the CTAB fiE, leading
to more positive E1/2 shifts. Smaller KR in CTAB fiE is
consistent with larger solubility of Fc in the hexadecane

oil phase of this /xE than in the dodecane oil phase of the

SDS fiE. However, in bicontinuous fiEs, DR of Fc is greater
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in SDS /¿Es than in CTAB /¿Es. This can also lead to a more

positive E1/2.

Reactivity of Fe(CN)c~37'4

For Fe(CN)6‘37'4 in SDS /¿Es, there should be little

difference between K,, and Kq, since neither form is
associated with either oil or surfactant phase. As a result

partitioning constants and diffusion coefficients of both

forms must be approximately equal at any composition (KR ~

Kq and Dr « D0) , and, therefore, based on equation 4-7, no

change in E1/2 is expected. In fact, E1/2 of Fe(CN)6'3 in SDS
/¿Es is within experimental error of E°'aq (Table 3-4) for
many /¿E compositions. Differences in partitioning between

Fe(CN)6'3 and Fe(CN)6'4 can shift E1/2.
In CTAB /¿Es, both forms of the Fe(CN)6‘3/'4 couple are

strongly bound to the surfactant interface [13]. As a

result, both forms of the probe are equally affected by

composition and KR ~ Kg and DR ss dq. Consequently, E1/2 does
not change with composition in CTAB /¿Es [13] because the

probe is in a different environment. Therefore, it is the

difference in the environment of Ox and Red, rather than the

environment itself which shifts E1/2.

Reactivity of MV*27*'

Interactions of MV*27*' with SDS surfactant in a /¿E

should be similar to interactions with SDS micelles. The
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redox couple associates with SDS micelles through a

combination of electrostatic and hydrophobic interactions

[58]. In SDS micelles, Kq (MV*2) = 1.15 X 10‘3 and KR (MV*') =

2.4 X 10‘4 [58], so it is reasonable that Kg and KR << 1 in
SDS /¿Es. Consequently, equation 4-7 reduces to

eV2 = E°'aq + RT/nF In (Dr/D0)1/2 + RT/nF In Ko/Kr (4-9)

From values of Kg and KR in micelles, both MV*2 and MV*'
should reside predominately in the oil/membrane phase.

Therefore, DR « D0, and equation 4-9 reduces even further to

Ei/2 = E°'aq + RT/nF In VKr (4-10)

From equation 4-10, experimental E1/2 = -0.664 V and
E° 'aq = -0.690 V for MV*2/*', Kg/KR « 2.8 in the 89/1 SDS ¡lE.

This indicates that the partitioning of MV*’ into the

oil/membrane phase of the /¿E is more favorable than the

partitioning of MV*2. This, in turn, suggests that hydro-

phobic interactions between the probe and the oil/membrane

phase may be more important than the electrostatic

interactions, since based solely on electrostatics, MV*2
should be more strongly associated with the surfactant

layer. The predominance of hydrophobic interactions of MV*'

was also observed by Kaifer and Bard in SDS micelles where

Kq is about 5 times greater than K„ [58].
The effect of a possible difference between DR and D0 on

E1/2 can be analyzed with equation 4-9. For the 89/1 SDS juE,
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Dr will reach a maximum value when MV*' is not associated

with the oil/membrane phase, DR |nax = D0 aq = 6.6 X 10'6 cm2/s
[58]. A minimum value of DR occurs when MV*‘ is strongly
associated with the oil phase. This value can be estimated

as DR min = Ddrop ~ 6 x 10'7 cm2/s ~ DR of Fc in 89/1 SDS /¿E.
With experimental D0 = 3.3 X 10'6 cm2/s, E1/2 = -0.664 V, E0,aq
= -0.690 V [58] and assuming DR max = 6.6 X 10'6 cm2/s, Kg/K,, «
2 from equation 4-9. Using the same values of D0, E1/2 and

E0,aq and DR mjn in equation 4-9, Kg/K,, « 7. Consequently,

regardless of possible differences between DR and D0, the
association of MV*' with the oil phase is always stronger

than that of MV*2 (KQ>KR) . Therefore, DR min must reflect DR of
MV*' better than DR |nax and the estimation of Kq/Kr from
equation 4-10, i.e. assuming DQ = DR, will have <60% error.

As the water content of the nE decreases, E1/2 becomes
less negative but D0 remains relatively constant (Table

3-3) . Since as shown above, MV*' associates more strongly

with the oil/membrane phase than MV*2, its DR max will follow
the Dr of Fc. In a 34/6 SDS jliE, MV*2/*' E1/2 = -0.632 V, DQ =
2 X 10'6 cm2/s and DR = Fc DR = 3.9 X 10'6 cm2/s, thus Kg/KR
~ 7 from equation 4-9. If MV*' is not much more associated

with the oil phase than MV*2 then DR mjn « D0 = 2 X 10'6 cm2/s
and Kg/Kp = 10 from equation 4-9. If DR, like DQ/ does not
change with composition, the shift in E1/2 from the 89/1 to
the 34/6 nE can be attributed to increasing Kg/KR. However,
changes in DR alone may be sufficient to account for the
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observed shift in E1/2. For E1/2 shifts to be solely
dependent on diffusion coefficient, MV*’ must be associated

with the oil/membrane phase of the /¿E, so that in the 89/1

SDS /¿Em Dr of MV*’ = Dr of Fc = 6.7 X 10‘7 cm2/s and in the

34/6 /¿E, Dr Of MV*’ = DR Of Fc = 3.9 X 10'6 cm2/s.
Association of MV*’ with the oil/membrane phase is not

inconsistent with calculated Kg/K,^ values which show that
MV*' partitions more into the oil phase than MV*2. However,

since the difference between K0 and Kp is less than an order
of magnitude, DR should not be considerably different from

DQ. Therefore, the E1/2 shift is probably due to changes in
both Dr and Kg/I^.

The dependence of Kg/I^ on composition can be explained

by considering the solubilization of probe (X) in a /¿E

droplet (M), which can be described as

nX + M « Xn-M (4-11)

where n = number of probes per droplet (equation 4-11 is the

same as equation 3-6). Equations 4-5 and 4-6 assume either

Poisson distribution, where solubilization of a probe in a

droplet does not affect solubilzation of the next probe

(therefore, M = total droplet concentration = CM) or that n
= 1. If neither of these assumptions are valid, and n when

X = Ox is not the same as the n when X = Red, then KQ/KR
will be a function of /¿E composition. This is probably the

case for the MV*2/*' couple and MV*2 and MV*’ may be in
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different environments and, therefore, be affected

differently by composition.

The small changes in Kg/KR with juE composition indicate
little change in partitioning. Since both MV*2 and MV*' are

electrostatically attracted to the surfactant head groups,

both should reside near the membrane/water interface. Since

MV*' is more hydrophobic, it will also associate with the

hydrophobic portion of the membrane, thus having a lower

partitioning constant (KR) than MV*2 (Kg) . However, with
both forms near the interface, effects of ¡iE composition on

partitioning of both forms are similar. In CTAB ij.Es , MV*'

hydrophobically associates with the oil/membrane phase, MV+2
resides in the water and neither are electrostatically

attracted to the CTAB head groups. With the each form of

the probe in a different environment, the effect of

composition on partitioning is very different for each form.

This is indicated by greater shifts in E1/2 (due to
differences in Kg/K,,) with CTAB /¿E composition than in SDS

juEs, where the probes were in similar environments.

Reactivity of MV*'/0

In SDS mEs, E1/2 for the MV*'70 couple is less negative
than its E0,aq = -1.020 V. Since both forms of the probe
must reside primarily in the oil phase, DR « D0 and equation
4-10 can be used to describe shifts in E1/2. For an 89/1 SDS
HE, E1/z = -1.015 V, and according to equation 4-10, Kq/Kr ~
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1.2. In a 34/6 SDS /xE, E1/2 = -0.944 V and so Kq/K,, « 19.
Therefore, MV° is more strongly associated with the oil

phase than MV*" for all /¿E compositions, which is consistent

with their relative solubilities. The Kq/K,^ of the MV*'70
couple is more affected by composition than the MV*27*'

couple, having a smaller value in 89/1 SDS ¿tE and a larger

value in 34/6 /iE.

The reason is that with this couple, MV*' is attracted

to the interface as described before. However, hydrophobic

MV° will partition into the oil phase. According to

equation 4-11, both Kq and K„ should decrease with

decreasing water content (M increases) . However, Kq/K,^
increases as /¿E water content decreases. Therefore,

partitioning of MV° must be more affected by nE composition

than that of MV*'.

Kinetics and Adsorption

Effect of Surfactant Adsorption on Probe Kinetics

Since nEs are optically transparent, the distance

between water/oil interfaces in bicontinuous /xEs and droplet

size in droplet /xEs cannot be more than 500 nm [59]. Since

electrodes are mm in diameter, part of the electrode will be

in contact with the aqueous phase and part with the oil

phase. Regardless of the solution, surfactant adsorbs tail

first onto hydrophobic surfaces, such as GC [59]. For the

fraction of the electrode in contact with the aqueous phase,
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the polar head groups extend into the aqueous solution

(Figure 4-2). For the fraction of the electrode in contact

with the oil phase, the polar head groups interact with

other surfactant head groups rather than the non-polar oil

phase. Thus, reverse hemimicelles are formed on that

portion of the electrode surface (Figure 4-2). The

structure on the electrode surface will affect the

electrochemical response by partially blocking the surface

and through electrostatic and hydrophobic interactions

[8,59], Addition of other compounds to the solution, such

as salt or alcohol, will affect the structure of the

surfactant layer [59].

Since hydrophilic Fe(CN)6'3 resides in the aqueous phase
of the /¿E, only electrostatic interactions between the probe

and the adsorbed surfactant occur. Consistent with this,

repulsion of Fe(CN)6'3 from like-charged SDS results in

slower electrochemical kinetics. Slow kinetics are shown by

AEp = 846 mV in 89/1 SDS /xE and AEp = 885 mV in SDS micelles

compared to AEp = 152 mV in 0.1 M NaCl(aq) (Table 3-4). In
CTAB /iEs, adsorbed cationic surfactant attracts Fe(CN)6'3 to
the electrode, and the kinetics improve over 0.1 M NaCl(aq)
with AEp = 60 mV [13].

As the water content of the SDS /¿E decreases, AEp of

Fe(CN)6'3 decreases (Table 3-4) . It has been shown that the

alcohol content in the oil/water interface increases as ¡jlE

water content decreases [20]. Changes in solution should



Figure 4-2 Adsorption of Surfactant on GC Electrode
Surface for both Oil Phase and Aqueous Phase
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affect the electrode/solution interface in the same way as

the oil/water interface since the surfactant organizes in a

similar manner at both interfaces. With more alcohol at the

electrode/solution interface, the surfactant head groups are

further apart, decreasing charge per area and, thus, the

electrostatic repulsion of the electrode surface toward

Fe(CN)6'3/'4. The neutral polar group of the alcohol also

increases the hydrophilicity of the surface [59], which may

also improve the kinetics of the Fe(CN),'3/'4 couple.

In SDS /zEs, AEp of Fc is about 60 mV and does not

change significantly with composition (Table 3-2),

indicating reversible electron transfer. Small changes in

AEp with nE composition may indicate some weak adsorption

effects. Hydrophobic Fc must easily penetrate the

surfactant layer allowing facile electron transfer. A AEp

of 60 mV for Fc is also observed in CTAB /zEs [13], SDS

micelles [12] and CTAB micelles [38] where hydrophobic

interactions also allow Fc to easily penetrate the

surfactant layer.

In SDS /zEs, AEp of MV+2/+' is ca. 60 mV (Table 3-3) . The

MV*2 can interact both hydrophobically and electrostatically

with the adsorbed surfactant, allowing for facile electron

transfer. In CTAB juEs, MV+2 will be electrostatically

repelled from CTAB but will still interact hydrophobically.

Since AEp in CTAB /zEs is ca. 60 mV [13], hydrophobic
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interactions must predominate. This is consistent with the

conclusions from E1/2 shifts and calculated Kg/K,,.

Effect of Surfactant Adsorption on Probe Adsorption

In SDS /¿Es, the electrochemical behavior of Fc on

glassy carbon electrodes is diffusion controlled. This is

indicated by plots of log anodic peak current (ipa) vs. log
scan rate (v), where slope is ca. 0.5. Similar plots for

Fe(CN)6'3 show slopes lower than 0.5. The lower slopes are

attributed to kinetic effects [42]. Kinetic effects on the

reduction of Fe(CN)6‘3 are confirmed by the AEp which

increases with v. These results show that no difference in

adsorption behavior occurs in /¿Es for probes which do not

adsorb on GC in aqueous solutions.

Plots of log i^ vs. log v for the MV+2/+' couple in SDS

/¿Es have a slope of ca. 0.5 in all /¿E compositions used,

indicating that MV*2 is not adsorbed in SDS /¿Es. However,

the ratio (ipc/ipa)1 < 1 and decreases with increasing v.

Since AEp is ca. 60 mV throughout the range of v, this

behavior indicates weak adsorption of MV*'. Kaifer and Bard

also observed weak adsorption of MV*’ in SDS solutions which

was eliminated when SDS exceeded its critical micelle

concentration [58],

For the MV*’70 couple in all SDS /xEs tested, plots of

log i versus log v have a slope of ca. 0.5, indicating
that the system is primarily diffusion controlled. The
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ratio (ipc/ipa)2 > 1 and increases slightly at high (« 500

mV/s) scan rates. This is consistent with greater

adsorption of MV*" than MV°. This is unlike aqueous

solutions where significant adsorption of MV° is observed

(Figure 4-3). The decrease of adsorption of MV° was

attributed to the solubilization of MV° in the oil phase of

the /iE. No adsorption of MV° was observed in SDS micelles

[58], which also solubilize MV°.

In /xEs, strong probe adsorption is eliminated, as shown

for MV°. This is attributed to solubilization of the

hydrophobic probe and blocking of the electrode surface by

surfactant. However, weak probe adsorption may occur. If

the adsorption depended soley on electrostatic attraction

between probe and SDS, adsorption of MV*2 would be greater

than adsorption of MV*'. If this adsorption were determined

soley by hydrophobic interactions, adsorption of MV° would

be greater than adsorption of MV*'. Since greater

adsorption of MV*' is observed for both MV*2/*' and MV*'/0

couples, both electrostatic and hydrophobic interactions

must affect adsorption. Blocking of the surface by

surfactant also affects adsorption. Enhanced kinetics of

Fe(CN)6'3 with decreasing /¿E water content showed that the

adsorbed surfactant layer became more disordered as /zE water

content decreased. In SDS micelles, where adsorbed

surfactant efficiently blocks the surface, no adsorption of

MV*' was observed [58]. However, in SDS solutions below
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Figure 4-3 Cyclic Voltammetry of Methyl Viologen

v = 100 mV/s
on GC electrode, area = 0.071
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cmc, the surface was less blocked and adsorption of MV*' was

observed [58]. In SDS /jEs, as the adsorbed surfactant

becomes more disordered (with decreasing ¿¿E water content) ,

coadsorption of MV*' increases. This is indicated by

increasing (i /i )2 with decreasing ¿¿E water content (Table

3-3) .

Shifts in E1/2 indicate that MV*' interacts more with the

oil/membrane phase than MV*2. This is consistent with the

preferential adsorption of MV*' by interaction with the

adsorbed SDS. However, shifts in E1/2 for MV*'/0 couple
indicate that MV° is more strongly associated with the

oil/membrane phase than MV*'. Since observed adsorption, as

indicated by (i^i )2 > 1 (Table 3-3), suggests that MV*'
preferentially interacts with the adsorbed SDS, MV° must be

primarily solubilized in the oil rather than in the membrane

phase. As the oil content increases, the solubilization of

MV° in the oil phase increases, thus less MV° interacts with

the adsorbed surfactant at the electrode and (ipc/ipa)2
increases. Thus, the increasing (ipc/ipa)2 with decreasing
water content supports the model of MV° solubilization in

the oil phase.



CHAPTER 5
BIOLOGICAL PROBES IN MICROEMULSIONS—QUINONES

Introduction to the Biochemistry of Quinones

Quinones are of interest in many biological

systems where reduction of quinone (Q) to quinol (QH2) is an

important step in electron transport. Throughout this work,

"Q" refers to any quinone. More specific symbols are used

for particular quiñones. An example of a biologically

important quinone is ubiquinone 50, 2,3-dimethoxy-5-methyl-

1,4-benzoquinone with a sidechain of 10 methylbutenyl units

(Figure 5-1A). It is one of the most studied of biological

quiñones due to its importance in mitochondrial respiration

[60].

In a cell, the mitochondria is the organelle

responsible for the production of energy, in the form of

ATP, from carbohydrates, lipids and amino acids [61]. The

mitochondria has two membranes, a smooth, somewhat elastic

outer membrane and an inner membrane with many inward folds

called cristae [61], It is in the inner membrane that

mitochondrial respiration takes place, transferring

electrons from the NADH/succinate dehydrogenase system

through ubiquinone 50 to molecular oxygen, while producing
59
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Figure 5-1 Biologically Significant Quinones

A) Ubiguinone; for ubiguinone 50, n = 10
B) Plastoguinone
C) Vitamin K2
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ATP (Figure 5-2) [61]. The inner membrane of the

mitochondria consists of proteins in a phospholipid bilayer,

where the negatively charged phosphate head groups of the

phospholipid compose the exterior of the bilayer and the

hydrocarbon tails (with typical chain lengths of eighteen

carbons) form a non-polar interior [61].

Ubiquinone 50 (UQ50) resides in the inner membrane of

the mitochondria, where it transfers electrons from NADH and

succinate dehydrogenase to cytochrome b (Figure 5-2) as part

of the respiration cycle [60]. The UQ50 is restricted to a

pool in the middle of the bilayer of the inner membrane.

Diffusion of UQ50 within the hydrophobic pool in the center

of the bilayer is fast but there is little or no diffusion

through the phospholipid head groups into the hydrophilic

exterior [62]. Unlike UQ50, the reduced form, ubiquinol

(UQ50H2) , may penetrate between the phospholipids of the

bilayer [62],

Ubiquinones are commonly referred to by the number of

carbons in the sidechain. However, other names for UQ50

include ubiquinone 10 and coenzyme Q10, where ten refers to

the number of methylbutenyl units ("n" in Figure 5-1A). For

consistency in this work, the first method of nomenclature

is used. While UQ50 is the form of ubiquinone most

frequently found in mammals, ubiquinones with fewer

methylbutenyl units exist in other biological systems [63].

For instance, ubiquinone 30 (UQ30) participates in the
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s-Ketoglutarate

(ZFe-S) ■

ATP

■cyt b(Fe*S)cyt ci-
Antimycin A
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Figure 5-2 Mitochondrial Respiration Cycle

FP = flavoprotein, e.g., FP, = NADH
dehydrogenase; Fe*S = iron-sulfur center; Q =
ubiquinone 50; cyt = cytochrome
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respiration of microorganisms such as yeasts [63], and

ubiquinone 0 (UQO) is used as a chemical defense in African

millipedes [64]. Another use of UQ50 is as a cardiovascular

drug. Administration of the drug is thought to correct

deficiencies of natural UQ50, allowing the body to produce

ATP more efficiently [63]. Other important biological

quiñones include plastoquinone, a 2,3-dimethyl-l,4-

benzoquinone with up to 9 methylbutenyl units on the 6

carbon (Figure 5-1B), which participates in photosynthetic

electron transport [60] and vitamin K2, a 2-methyl-l,4-

naphthoquinone with a methylbutenyl sidechain containing up

to 12 units (Figure 5-1C), which promotes blood clotting

[60].

Spectroscopy of Quinones

Ultraviolet (uv) spectra of ubiquinones have a strong

absorbance maximum (A. ) between 270 and 280 nm, with a

typical absorptivity (e) of ca. 14 mM'1cm'1 [62]. This Amax
has been attributed to a n-*n* transition of the enone ring.

As the polarity of the solvent increases, shifts to

longer wavelengths [62]. The reduced form (UQH2) has a weak

^•max ~ 290 nm' with typical c ~ 4 mM'1cm'1. The UQH2 Amax is
attributed to an n-+7r* transition and is only slightly

affected by the polarity of the solvent.

Mitochondrial membranes have been modeled by

phospholipid vesicles in uv studies. The uv spectra of
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ubiquinones in phospholipid vesicles show that the solvent

environment of the ubiquinone becomes less polar as the

length of the ubiquinone sidechain increases [62]. For

instance, for ubiquinone 5 (UQ5) A(Itax in lecithin vesicles ~

A
max in water [62]. However, for UQ50 A^ in vesicles « A^
in non-polar petroleum ether [62]. Ubiquinones with

sidechain lengths between 5 and 50 carbons have A^ values
in vesicles which are between water and petroleum ether

values, and are approximately equal to A in ethanol [62].

Changes in A^ with sidechain length indicate that

ubiquinone penetrates deeper into the non-polar center of

the phospholipid bilayer as its sidechain length increases.

The uv spectra of ubiquinones in vesicles have not been

directly compared to spectra in mitochondrial membranes,

since spectra in mitochondrial membranes are complicated by

turbidity, cytochrome absorbance, light scattering and other

interferences [62]. However, calorimetry studies of

ubiquinone in the mitochondria suggest the same changes in

microenvironment with ubiquinone sidechain length [65].

Specifically, ubiquinones with shorter sidechains reside in

the more polar region of the phospholipid, causing the

structure to become more rigid and raising the melting

point. On the other hand, UQ50 does not alter the melting

point, indicating that it does not affect the bilayer

structure [66].
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Because of the hydrophobicity of UQ50, it must reside

in the oil phase of the [iE. However, A^ of UQ50 in SDS juEs
is 275 nm for all /¿E compositions (Table 5-1) . This lmax
indicates that UQ50 resides in a more polar environment than

that of petroleum ether (which should correspond to pure

dodecane), where A^ = 270 nm [62]. This can be attributed
to partitioning of alcohol and water into the oil phase [1],

Thus, despite being in the oil phase, UQ50 is in a

relatively polar microenvironment.

The microenvironment of UQO must change with ¡jlE

composition, since A^ of UQO is a function of fiE

composition (Table 5-2) . For UQO in an 89/1 SDS juE, Amax =

270 nm = A^ in water. Therefore, in ¡iEs with high water

content, UQO exists primarily in the aqueous phase.

However, as water content decreases, the microenvironment

becomes less polar, as indicated by decreasing Amax. This
can be attributed to increased partitioning of UQO into the

oil phase, with increasing /¿E oil content.

Electrochemistry of Quinones

Non-Aaueous Solvents

Since biological quiñones are usually found in the

non-aqueous environment of the phospholipid bilayer

interior, the electrochemistry of many types of quiñones in

non-aqueous systems has been studied extensively. In non-

aqueous systems, the quinone (Q) is reduced in two steps,
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Table 5-1
Ubiquinone 50 (UQ50) Absorbance Maxima in Different Solvents

solvent A. e
max -

(nm) (cm

water8 287 7

ethanol8 275 15

petroleum ether8 270 15

76/4 SDS mE 275 14

52/8 SDS mE 275 13

45/5 SDS ME 275 10

Reference 62
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Table 5-2
Ubiquinone 0 (UQO) Absorbance Maxima in Different Solvents

solvent ^max
(nm)

e

(cm-mM)

water® 268 15

0.1 M NaCl(aq) 270 17

ethanol8 263 15

1-pentanol 263 12

petroleum ether8 259 13

dodecane 260 15

89/1 SDS ¡J.E 270 15

52/8 SDS nE 268 16

45/5 SDS juE 265 14

a reference 62



68

first to the semiquinone anion radical (Q") and then to the

dianion (Q'2) [60,67,68],

Q + e- O'* (5-1)

Q" + e* Q'2 (5-2)

Experimentally, E°' of both reactions is solvent dependent,

becoming less negative as the polarity of the solvent

increases [60,69], Table 5-3 shows E°' values for several

Q/solvent systems. Adding a weak acid to the solution

(e.g., diethyl malonate at twice the concentration of UQ5

[70]) protonates Q‘2 (equation 5-3) and shifts E" 1 of the

second peak to more positive potentials.

Q‘2 + H+ ** QH' (5-3)

Stronger acids (e.g., benzenethiol at ten times the

concentration of UQ5 [70]) protonate Q" (equation 5-4).

Since QH' is easier to reduce than Q, QH' is then reduced

simultaneously with Q (equation 5-5).

Q‘* + H+ QH* (5-4)

Q + H+ + 2e* ** QH' (5-5)

The reaction in Equation 5-5 produces one reduction peak in

CV which is twice the height of the peak for the reaction

in equation 5-1. With a sufficiently high [H+] , this peak



Table 5-3
Formal Potentials of Quinones in Different Media

69

quinone eqna solvent E ° ' (V) reference

BQ 5-8 pH=0, aqueous +0.457 66

BQ 5-1
5-2

ACN/TEAP -0.51
-1.14

55

BQ 5-1
5-2

dmf/teabf4 -0.401
-1.155

71

UQO 5-8 pH=6.9, aqueous -0.143 83

UQ5 5-1 dmf/teabf4 -0.622 71

UQ15 5-1 dmf/teabf4 -0.611 71

UQ50 5-1 dmf/teabf4 -0.602 61

UQ50 5-8 pH=7.5, aqueous
SDS micelles

-0.08 62

aEquation for redox reaction
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may occur at more positive potentials than the peak for the

equation 5-1 process [60,70].

In solutions with very strong acids (e.g., perchloric

acid at twice the concentration of UQ5 [70]), Q is

protonated (equation 5-6) and the protonated quinone (QH+)

is the species reduced (equation 5-7).

Q + H+ QH+ (5-6)

QH+ + 2e' + H+ QH2 (5-7)

If the concentration of acid is not sufficient to completely

protonate the available Q (e.g., 1:1 ratio of perchloric

acid to UQ5 [70]), it is possible to see reduction peaks for

both reactions 5-5 and 5-7 [60,70,71].

Electrochemical behavior is affected by interactions

other than acid/base reactions. For example, Q" or Q'2 may

complex with electrolyte cations. The formation of a

complex by the dianion shifts the potential of the second

peak (equation 5-2) to considerably more positive values.

The shift may be sufficiently large so that CV peaks due to

reactions in equations 5-1 and 5-2 merge so that only one CV

peak is observed [60,72].

Aqueous Solutions

In aqueous solutions, Q undergoes a two electron, two

proton reaction to hydroquinone (QH2) :
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Q + 2H+ + 2e" ** QH2 (5-8)

According to the Nernst equation, the potential of reaction

5-8 depends on the pH of the solution:

f[Q][H+]2 ]
E = E° + (RT/2F) In I 1

l [QH2] )
= E" + RT/F In [H+] (5-9)

where E° is the standard potential, E°1 is the formal

potential when the concentration of the oxidized form (Q)

equals the concentration of the reduced form (QH2) and the
other symbols have their usual meaning. Since the

dissociation of QH2 (equations 5-10 and 5-11) changes its

concentration, these dissociations,

QH2 * QH' + H+ (5-10)

QH' ** Q'2 + H+ (5-11)

can affect E. The acid dissociation constants for reactions

5-10 and 5-11 are K1 and K2, respectively. Table 5-4 shows

pKgs for different acid/base forms of different quiñones.

For Q, the E"1 is when

[Q] = [QH2] + [QH' ] + [Q'2] (5-12)

At E=E°1, E°1 may be related to K1 and K2 in a straight¬
forward fashion (See Appendix C):

E° 1 = E° + (RT/2F) In ([H+]2 + [H+ ]K1 + K^) (5-13)
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Table 5-4
Acid Dissociation Constants of Quinones

quinone acid form eqna PKa reference

BQ qh2 5-10 10.35 54

BQ QH' 5-11 11.4 54

BQ QH' 5-4 4.0 54

BQ QH+ 5-6 -1.0 54

UQ3 0 QH2 5-10 10.2 61

UQ45 QH2 5-10 10.0 61

UQ50 QH2 5-10 9.9 61

aEquation for acid dissociation reaction
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If pH << pK1, the second and third term under In in equation

5-13 are negligible and the dependence of E" on pH is -60

mV/pH. This means that acid/base reactions have no effect

on E"1 and equation 5-13 simplifies to equation 5-9.

Similarly for pK1 < pH < pK2, the dependence of E° 1 on pH is
-3 0 mV/pH, and for pH » pK2, the dependence is 0 mV/pH.
This dependence of E" on pH has been experimentally

confirmed by Bailey and Ritchie with 1,4-benzoquinone on

gold electrodes [73].

The exact sequence of electron and proton transfers

for reduction of quinone in aqueous solutions is still under

dispute. The most commonly accepted mechanism was proposed

by Vetter in the fifties. Vetter obtained Tafel plots on

platinum electrodes for benzoquinone (BQ)/benzohydroquinone

(BQH2) in solutions with pH between 0.2 and 7.2 [74].

Between pH 5 and 6, changes in the Tafel slope indicated a

change of mechanism. Specifically, electrochemical reaction

orders indicate the species which undergoes oxidation or

reduction, eg. QH+ or Q. The reaction order is determined

by the change in the current as the concentration of one

reactant is varied while the ratio of the other two

reactants is held constant. This determines the

stoichiometry of that reactant involved in the overall

reaction. For example, when [H+] is changed while the ratio

[BQ]/[BQH2] is held constant, the stoichiometric coefficient

of H+ is determined. Using this approach, Vetter proposed
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that two different consecutive charge-transfer reactions

occur within the pH range of 0.2 to 7.2. Below pH 5, the

order of electron and proton transfer was proposed to be

HeHe. For pH greater than 6, the order proposed was eHeH.

Recently Laviron presented a more specific analysis of

the mechanism for the reaction of quinone in aqueous

solutions [75]. Laviron described the possible mechanistic

steps of quinone, including nine possible chemical species

and six possible electron transfers, using the 9-square box

scheme [77]:

Q Q- Q-2
ti ti ti

QH+ * QH* * QH'
ti ti ti

QH2+2 « qh2+ * QH2

The protonations in 5-14 are assumed to be at equilibrium

and the rates of the forward and reverse electrochemical

reactions are assumed to be the same (charge transfer

coefficient, a=0.5). Under these conditions, the apparent

standard potentials for the first and second electron

transfers are simply related to standard potentials (E°) and

proton dissociation constants (Ka) of each individual step

in 5-14 (See Appendix D). Individual apparent E° and Ka
values were calculated for BQ from experimental results of

Bailey and Ritchie [76]. Using these values and the scheme

in 5-14, Laviron concluded that the primary mechanism of

electron transfer changed from HeHe to eHHe to eHeH as the
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pH of the solution increased. The contribution of each

mechanism to current changes with pH. At pH 3.5, half the

current was due to the HeHe mechanism and half due to the

eHHe mechanism. At pH 5.5, half of the current was due to

the eHHe mechanism and half due to the eHeH mechanism. The

change in mechanism changes the apparent rate constants and

apparent E° values, which affect overall potential.

Organized Media

Electrochemical activity of quiñones in organized

media has not been extensively studied. In micelles and

phospholipid vesicles, E"' of UQ50 is shifted to values more

negative than in aqueous solutions [60,77-79]. The

dependence of E°' on pH for UQ50 in buffered solutions of

SDS micelles = -8 mV/pH [78]. This change from -60 mV/pH in

ethanol/water solutions was attributed to a lowering of the

charge transfer coefficient by the surfactant. The E°1

dependence on pH of UQ30 in lecithin vesicles [77] and of

UQ50 in asolectin vesicles [79] was the same (-60 mV/pH) as

in aqueous solutions.

Electrochemistry of 1,4-Benzocruinone (BO)

DMF/TEAP

The solvent system DMF/TEAP was chosen because it gave

good electrochemical results. Unlike in ACN and in DMF with

0.1 M NaC104, redox couples for the processes described in
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equations 5-1 and 5-2 could be observed. Also, peaks in

DMF/TEAP systems were not complicated by adsorption which

occured in ACN.

Figure 5-3 shows CV of 1,4-benzoquinone (BQ) on a GC

electrode in DMF, with 0.10 M TEAP as electrolyte. Peaks

Ic/Ia are attributed to the reaction described by equation

5-1. The reduction is diffusion controlled, as determined

from a plot of log peak Ic current (i .) vs. log scan rate

(v), where the slope = 0.45±0.01. The kinetics are quasi-

reversible with AEp = 86±33 mV. The ratio of peak currents

(i^/ipgjj = 1.0±0.1, which is consistent with quasi-
reversible behavior. Experimental E1/2 , = -0.42±0.02 V and
corresponds to reported E1/2 j = -0.40±0.02 V [80], in DMF
with tetrabutylammonium tetrafluoroborate as the electrolyte

(DMF/TBABFJ .

Peaks Ilc/IIa correspond to the process described by

equation 5-2. This process is also diffusion controlled, as

indicated by a slope of 0.42±0.03 of a log i u vs. log v

plot. This reaction also has quasi-reversible kinetics,

indicated by AEp = 84±145 mV and (i /i^),! = 0.7±0.2. The
magnitude of i .. is about 50% of i ., which is attributedpc#11 pc/i

to the disproportionation of Q"[60]:

Q + Q'22Q” * (5-15)
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Figure 5-3 Cyclic Voltammetry of 3.1 mM 1,4-Benzoquinone
in DMF/TEAP

v = 100 mV/s
on GC electrode, area = 0.070 cm2
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Since disproportionation increases [Q'2] as well as

decreasing [Q‘‘], it is also consistent with (i^/ipj,, < 1*
Experimental E1/2 n = -1.02±0.05 V is more positive than

ei/2 ii = “1*15±0.04 V reported for DMF/TBABF4 [80]. The more

positive experimental potentials may result from the

reaction of Q'2 with protons in solution (equation 5-3)

[60,68]. Since Q'2 is the most basic species in solution

(Table 5-4), it is the most likely species to be protonated.

In solutions containing only 0.10 M TEAP in DMF

(TEAP/DMF), a cathodic peak at -0.87±0.04 V, with a reverse

peak at -0.82±0.1 V, was observed (Figure 5-3). These peaks

show diffusion controlled behavior, with slope = 0.52±0.05

from log i vs. log v plot. Since peak IIIc in CV of BQ

(Figure 5-3) occurs at the same potential with approximately

the same magnitude ip (at same v) as the peak in the
DMF/TEAP solution, peak IIIc is not attributed to the

reaction of BQ. The i .. was measured using the decaying

current of peak IIIc as baseline.

Aqueous Solutions

Figure 5-4 shows CV of BQ on GC in pH 6.9 aqueous

phosphate buffer. The results are consistent with the

mechanisms proposed by Laviron and Vetter. In aqueous

solutions, the apparent formal potential for the second

electron transfer is more positive than for the first.

Thus, only a single, two electron transfer described by
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Figure 5-4 Cyclic Voltammetry of 1.0 mM 1,4-Benzoquinone
in Phosphate Buffer (pH =6.9)

v = 100 mV/s
on GC electrode, area = 0.070 cm2
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equation 5-8 is observed. The process is diffusion

controlled, as determined by the slopes of 0.46±0.01 of log

i^ vs. log v plots. Slow electron transfer kinetics are

indicated by AEp « 360 mV. For the same process on carbon

paste electrodes in the pH range of 2-8, Adams also observed

slow electron transfer, with AEp w 300 mV [81]. The ratio

ipc/ipa chan<3es from 1.5 to 3.0 as the pH increases from 2 to
8 (Table 5-5). As the pH of the solution increases, [QH2]
decreases, due to the deprotonations described in equations

5-10 and 5-11. The decrease in [QH2] is reflected in
decreasing i^ and, consequently, increasing ipc/ipa* At pH
6.9, experimental E1/2 = +0.11±0.02 V and correlates well
with E1/2 = +0.13 V at pH 6 reported by Adams [81]. The

dependence of E1/2 on pH is -4 6±5 mV/pH over the pH window of

2-8. This deviation from the theoretical value of -60 mV/pH

may be due to the change in mechanism over this pH range.

As shown by Laviron [75], a change in mechanism will affect

the apparent formal potential. For reduction of BQ on

carbon paste electrodes, Adams observed a similar dependence

of E1/2 on pH of ca. -50 mV/pH. From the intercept of E1/2
vs. pH, E° is estimated to be +0.46±0.02 V which corresponds

to reported E° = +0.46 V [67,68,81].

Since /xEs used in this work have an unbuffered aqueous

phase of 0.1 M NaCl(aq), the electrochemical behavior of BQ
in unbuffered aqueous solutions was studied. Figure 5-5

shows CVs of BQ in unbuffered 0.1 M NaCl(aq) at different pH



Table 5-5

Cyclic Voltammetric Results for 1,4-Benzoquinone (BQ)
Aqueous Phosphate Buffer

[BQ] pH8 E1/2 AEpb ipc/[BQ]b i /i bpc' pa

(mM) (mV) (mV) (/zA/mM)

1.42 2.4 +306±12 363±24 2 5±5 1.5210.39

2.40 5.0 +224±9 412±18 3 0±4 2.2510.25

1.27 6.9 +112±20 360±39 34±3 2.8710.39

1.75 7.9 +49±21 298±41 35±5 3.1010.55

aionic strength = 1.0

bv = 100 mV/s, electrode area = 0.075 cm2
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Figure 5-5 Cyclic Voltammetry of 1,4-Benzoquinone in

Unbuffered 0.1 M NaCl{gq)
v = 100 mV/s
on GC electrode, area = 0.075 cm2
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values. At pH = 2.5, E1/2 = +0.26± 0.04 V and AEp = 485±80
mV. The AEp indicates slow electron transfer. The reaction

of BQ in all unbuffered 0.1 M NaCl(aq) solutions with pH < 3
was irreversible with AEp a 400 mV. At pH 6.5, E1/2 =

-0.15±0.01 V and AEp = 67±11 mV. This AEp indicates quasi-

reversible kinetics for a two electron transfer. In all 0.1

M NaCl(gq) solutions with pH > 5, the reaction of BQ has E1/2
= -0.15i0.01 V and AEp = 66il4 mV. At pH = 3.4, two redox

couples were observed. One couple corresponds to the

kinetically slow process described for unbuffered solutions

at pH < 3. The other couple corresponds to the quasi-

reversible process described for unbuffered solutions at pH

>5. As pH increases from 3 to 5, i and ipa for the
irreversible process decrease, with a corresponding increase

in i and i for the quasi-reversible process. Table 5-6

shows the results from cyclic voltammetry in unbuffered 0.1

M NaCl(aq>-
The behavior of BQ in unbuffered solutions can be

explained by considering that the pH of the reaction layer

rather than the pH of the solution determines reaction

potential. At pH = 2.5, proton concentration must be

sufficient in the reaction layer for the reaction to proceed

as in buffered solutions at pH a 4 (this pH was estimated

from E1/2) . At pH = 6.5, the reduction of BQ consumes the

available protons, leading to a high effective pH in the

reaction layer. According to equation 5-13, the reaction
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layer pH must be greater than 11.5 in unbuffered solutions

with pH > 5, since E1/2 is no longer dependent on pH.
Because E1/2 is independent of pH in unbuffered 0.1 M NaCl(aq)
with pH > 5 and is equal to -0.15 V, E1/2 values more

negative than -0.15 V (observed for the reaction of BQ in

/xEs) cannot be attributed to pH effects. At an intermediate

pH (i.e. 3 < pH < 5), the reduction of BQ consumes available

protons of the reaction layer. After the reaction layer has

been depleted of protons, the remaining BQ must be reduced

at a high effective pH. Thus, both the irreversible process

typical of BQ in low pH 0.1 M NaCl(aq) and the quasi-
reversible process typical of BQ at high pH are observed.

The ratio of cathodic peak currents of these processes

depends on [BQ] and solution pH. Similar changes in CV with

pH were observed by Bailey and Ritchie in unbuffered 0.1 M

NaC104(aq, t73]-

Electrochemistry in Microemulsions

Figure 5-6 shows CV of BQ in 89/1 SDS ¿xE.

Electrochemical behavior in /¿Es was compared to that in 0.1

M NaCl(gq), since 0.1 M NaCl(aq) (with pH « 5.6) forms the jxE
aqueous phase. In 89/1 SDS ¿¿E, plots of log i vs. log vpc

have a slope = 0.43±0.10, indicating a diffusion controlled

process. Quasi-reversible kinetics of the two electron

process are indicated by AEp = 57±4 mV and i^/i^ =
1.35±0.35 at v = 100 mV/s. As described in the previous
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Cyclic Voltammetry of 4.0 mM 1,4-Benzoquinone
in 89/1 SDS /iE

v= 25 mV/s
on GC electrode, area = 0.071 cm2
For exact [iE composition see Table 2-1.

Figure 5-6
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section, in 0.1 M NaCl(aq) similar to those used to prepare
the aqueous phase of the /xE, the reduction is also diffusion

controlled and quasi-reversible. In the ¿xE, the relative

peak current i^/CBQ] = 17.6 /xA/mM at v = 25 mV/s. This is

lower than in unbuffered 0.1 M NaCl(aq) where i^/tBQ] = 20.3
¿xA/mM, at the same scan rate. The lower i^/tBQ] in the /zEpc

is attributed to lower D0 of BQ. For BQ in an 89/1 SDS ¿xE,

Dq = 8.3 X 10'6 cm2/s compared to 0.1 M KN03{aq), where D0 aq =
8.6 X 10'6 cm2/s [81]. As shown in Chapter 3, a probe

residing in the continuous phase of a droplet /xE will have a

diffusion coefficient slightly lower than in an aqueous

solution due to obstruction by the droplets. Based on the

D0, BQ must reside in the aqueous continuous phase. Since

the reduced form (BQH2) is more water soluble than BQ [82],

it must also reside in the aqueous phase. Thus, DR ~ DQ.
In this system, E1/2 = -0.15010.002 V, which is about the
same as E°' = -0.1481 0.002 V in 0.1 M NaCl. No shift

in E1/2 will be observed if both BQ and BQH2 reside in the

aqueous phase of the ¿zE (See Appendix B) . Thus, both

diffusion coefficent and the value of E1/2 are consistent
with BQ and BQH2 residing primarily in the aqueous phase of

the /zE.

As /xE water content decreases, i^/fBQ] decreasespc

(Table 5-7). This can be attributed to decreasing D0 of BQ.
As shown in Chapter 3 for Fe(CN)6'3, the diffusion
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Table 5-7
Cyclic Voltammetric Results for 1,4-Benzoquinone (BQ) in SDS

Microemulsions

[BQ] /xEa E1/2 AEpb i b
pc W ipcb/[BQ]

(mM) (mV) (mV) (MA) (^A/mM)

3.07 DMFC -423±17 86±33 28±2 1.00±0.14
-1029±73 84±145 15±3 0.68±0.23

5.98 34/6 -209±8 41±6 56±4 1.60±0.21 9.4

4.69 45/5 -202±3 47±4 52±7 1.37±0.36 11.1

4.57 67/3 -172±2 63±4 63±5 1.4010.37 14.4

3.98 89/1 -150±2 57±4 70±5 1.3510.35 17.6

1.87 NaCld -145±4 62±6 38±4 1.2210.21 20.3

aSee Table 2-1 for exact SDS mE composition.

bv = 25 mV/s, electrode area = 0.071 cm2

cO.1 M TEAP supporting electrolyte. Two redox couples were
observed.

d0.1 M NaCl(aq)
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coefficient of a probe residing in the aqueous phase of a ¡¿E

decreases as water content decreases.

However, E1/2 becomes more negative as juE water content
decreases (Table 5-7). As shown for unbuffered solutions of

0.1 M NaCl(aq), changes in pH will not shift E1/2 to values
more negative than -0.15 V (Table 5-6). Consequently,

changes in pH cannot account for the observed E1/2 shift.
Thus, partitioning of the probe must change with

composition. For a bicontinuous /¿E, it is reasonable to

assume that DR « D0, since both probes are in a continuous

microenvironment, even if those microenvironments are

different. Shifts in E1/2 due to partitioning can be

expressed by the following equation (Appendix B):

E1/2 = E°'aq + RT/nF ln (Dr/Do)V2
+ RT/nF ln {(1+KR)/K* (1+1^) ) (5-15)

For a 34/6 SDS /¿E, E1/2 = -0.209 V. Substituting DR a D0, E1/2
and E°' = -0.15 V into equation 5-15 results in

0• °9Kr - K, = 0.91K.KQ (5-16)

Since Kr and Kg are positive by definition

0.09K,, - Kq > 0 (5-17)

and

0.09 > Kj/K,, (5-18)
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The ratio (equation 5-18) indicates that BQ is more strongly

associated with the oil and/or membrane phase than BQH2,
which is what would be predicted from the relative

solubilities of both forms [82]. These results also

indicate that Kq/K,^ decreases as /xE water content decreases,

since in the 89/1 SDS /xE Kq/K,, «1. As discussed in Chapter

4, similar changes in partitioning as with changing /xE

composition have been observed for other probes.

As ¿xE water content decreases, AEp decreases. This

decrease in AEp indicates that the rate of electron transfer

increases. Chapter 4 showed that the layer of adsorbed

surfactant becomes more disordered as /xE water content

decreases, allowing BQ to partition through the surfactant

more easily. Shifts in E1/2 to more negative values also
show that as /xE water content decreases, partitioning of BQ

into the oil/membrane phase increases. Thus, partitioning

of BQ through a surfactant layer to the hydrophobic GC

surface should also increase. The faster kinetics are

attributed to more facile partitioning of BQ through

surfactant adsorbed on the electrode.

Electrochemistry of Ubiquinone 0

DMF/TEAP

Figure 5-7 shows CV of UQO in DMF with 0.10 M TEAP on

GC. The first peaks (peaks Ic/Ia) are attributed to the

reaction described by equation 5-1. The slope of the plot
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Figujre 5-7 Cyclic Voltammetry of 3.8 mM Ubiquinone 0 in
TEAP/DMF

v = 100 mV/s
on GC electrode, area = 0.070 cm2
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of log i j vs. log v is 0.42±0.01, indicating a diffusion

controlled process. At v = 100 mV/s, AEp = 87±26 mV and

ipc/i^ = 1.0610.06, indicating quasi-reversible kinetics.
Experimental E1/2 = -0.5910.01 V is in agreement with E1/2 =

-0.5410.02 V reported in the literature for UQ0 in

DMF/TBABF4 on GC [80].

Peaks Ilc/IIa correspond to the reaction described by

equation 5-2. The slope of 0.4010.03 of the plot of log

ipc u vs. log v indicates a diffusion controlled process. At
v = 100 mV/s, AEp = 881214 mV, indicating that this

reduction is also quasi-reversible. As with BQ, ipc ¡, ~ 65%
of ip^, and i^/i^ = 0.8510.10 may be attributed to
disproportionation (equation 5-15) . Experimental E1/2 =

-1.2210.04 is in agreement with E1/2 = -1.2510.04 reported
for the reaction described by equation 5-2 in DMF/TBABF4 on

GC [80].

Reactions of UQ0 occur at more negative potentials

than corresponding reactions of BQ. This is due to the

electron donating character of the methoxy substituents on

the ring [80], The primary effect of methoxy substitution

is the mesomeric effect of electron donation resulting from

the delocalization of the lone pair of electrons on the

methoxy oxygen over the enone system of the quinone nucleus.

Changes in potential due to substitution on the benzene ring

of 1,4-benzoquinone have been predicted by the Hammett

equation [80].
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As in CV of BQ solutions, peak IIIc is not attributed

to a reaction of UQO, since a similar peak occurs in CV of

TEAP/DMF (Figure 5-7) . Since E1/2 ,,, is the same in
solutions of UQO and BQ while peaks of UQO are more negative

than those of BQ, this is further evidence that peak IIIc is

not due to a guinone reaction.

Acrueous Solutions

The reduction of UQO in phosphate buffer, like that of

BQ, is described by equation 5-8 and the dependence of E1/2
on pH can be described by equation 5-13. The reduction is

diffusion controlled, as determined from plots of log ipc
vs. log v where slope = 0.4610.01. The kinetics here, as

for BQ, are slow, as indicated by AEp = 347128 mV. The

ratio ipc/ipa varies from 1.5 to 3.0 between pH 2-8. As with
BQ, this was attributed to a decrease in the concentration

of the corresponding hydroquinone (UQ0H2) with increasing pH
due to acid dissociation (equations 5-9 and 5-10). At pH

6.9 in 0.5 M phosphate buffer, E1/2 = -0.0310.01 V which is
similar to E1/2 = -0.12 V reported in this buffer on mercury

electrodes [83]. The dependence of E1/2 on pH = -4416 mV/pH
between pH 2-8, which is the same as for BQ. From the

intercept of E1/2 vs. pH plots, E° is estimated to be
+0.2910.02 V.

In 0.1 M NaCl(gq) (pH = 5.6), E1/2 = -0.27110.007 V. If
solution pH is increased, E1/2 remains at this value. From
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the plot of log vs. log v, slope = 0.47±0.02, indicating

a diffusion controlled process. Similar to the reduction of

BQ in aqueous unbuffered solutions, the reduction is quasi-

reversible with i^/ipa = 1.1210.10 and AEp = 48114 at v = 25
mV/s. As indicated by AEp, the kinetics of UQO in 0.1 M

NaCl(aq) are faster the BQ in the same solvent. Since UQO is
more hydrophobic than BQ [82,84], it has more affinity for

hydrophobic GC, thus enhancing the kinetics.

SDS Microemulsions

In 89/1 SDS /xE, the electrochemical behavior of UQO

and BQ is similar (Figures 5-6 and 5-8). The plot of log

i vs. log v for UQO has a slope of 0.5010.01, therefore,

the reduction is diffusion controlled. The process is

quasi-reversible, with AEp = 5812 and i^/i^ = 1.2410.04 at
v = 25 mV/s. Also at v = 25 mV/s, relative peak current

(ipc/ [UQO ]) = 8.2 /xA/mM which is less than i^/fUQO] = 19.5
/xA/mM in 0.1 M NaCl(aq). The lower i^/EUQO] in /xEs is
attributed to both lower D0 and slower kinetics. For AEp a

60 mV for a two electron system, ip is ca. 80% of ip for a
reversible system [85], thus kinetics alone cannot account

for the reduction in ipc/[UQ0]. Experimental E1/2 =

-0.28110.002 V compared to E1/z = -0.27110.007 V in 0.1 M

NaCl(aq). As shown by equation 5-15, the shift in E1/2 can be
attributed to differences between Kg and Kp. Since uv

spectra show that in an 89/1 SDS ¡jlE, UQO resides in the
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Cyclic Voltammetry of 4.5 mM Ubiquinone 0 in
89/1 SDS nE

v = 25 mV/s
on GC electrode, area = 0.075 cm2
See Table 2-1 for exact composition.

Figure 5-8
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aqueous phase and UQOH2 is more water soluble, DR « DQ. If
the shift in potential is analyzed using equation 5-15 with

Dr a D0 and the potentials above, then Kg/I^ < 0.68. This
suggests that UQO is more strongly associated with the oil

and/or membrane phase than BQ (where Kg a 1^) in this ¡jlE.
The difference in partitioning between BQ and UQO is

consistent with differences in solubility, where the water

solubility of BQ = 127 mM [82] and the water solubility of

UQO = 48 mM [86].

In SDS nEs with low water content, the cathodic peak

splits (Figure 5-9). Changes in i^ with v show that both
processes are diffusion rather than adsorption controlled.

Peak I is kinetically slow, as indicated by Ep becoming more

negative as v increases. Since peak III is more negative

than peak I, but less negative than peak II, peaks II and

III must be a redox couple. This couple is quasi-

reversible, as indicated by AEp « 50 mV at v = 25 mV/s and

Epn and Ep,,, which are independent of v for v = 25-200 mV/s.

Both Ep and ip of peaks I and II are dependent on juE
composition (Table 5-8) . As the water content of the juE

decreases, i , increases, with a corresponding decrease

i ... In the 89/1 SDS ¡jlE, i . is too small to be observed.

Both Ep, and Ep,, become more negative as the water content

of the /iE decreases.

Peak I is attributed to a reduction of UQO from the

oil phase, while peak II is attributed to a reduction from
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potential (mV)
Cyclic Voltammogram of 4.0 mM Ubiquinone 0 in
34/6 SDS nE

v = 25 mV/s
on GC electrode, area = 0.075 cm2
See Table 2-1 for exact composition.

Figure 5-9
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Table 5-8
Cyclic Voltammetric Results of Ubiquinone 0 in SDS

Microemulsions

[UQO] ¡1Ea Ep,b EPl.b EV2C AEpc i bApc.l i
PC,II

(mM) (mV) (mV) (mV) (mV) (MA) (MA)

3.77 DMFd -590±15
-1233±107

87±26
88±214

34 + 1
22±1

3.98 34/6 -320±5 -382±2 -358±3 39±6 44±2 12±2

5.55 45/5 -300±5 -372±2 -351±4 43±8 35±2 3 6±2

5.25 67/3 -265±5 -344±2 -316±4 55±8 17±2 2 6±2

4.49 89/1 -3 08±1 -281±2 58±4 61±1

3.38 NaCl® -295±4 -271±7 48±14 66±3

aSee Table 2-1 for exact SDS jliE composition.

bv = 25 mV/s, electrode area = 0.075 cm2

cPeaks II/III considered the redox couple, v = 25 mV/s

d0.1 M TEAP supporting electrolyte. Two redox couples were
observed.

(aq)
e0.1 M NaCl
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the aqueous phase. It is possible to see both processes

since exchange across the membrane phase is slow [86].

Since peak I is attributed to reaction from the oil

phase, i j increases with increasing oil content. An

increasing oil content will allow a higher concentration of

probe in that phase (equation 4-11), thus, a higher ip.
This increase of [UQO] in oil with decreasing water content

is also indicated by uv spectra, where the microenvironment

of the probe becomes less polar as the water content

decreases.

As shown in Chapter 4, SDS surfactant adsorbs on GC.

If the electrode is in contact with the oil phase, the

surfactant then must adsorb in the form of reverse

hemimicelles, since both the electrode and solution are

hydrophobic. Since exchange across the /¿E membrane phase is

slow [86], exchange through the adsorbed surfactant will

also be slow. Consequently, UQO does not easily partition

from the oil to the electrode, and its electron transfer

kinetics are slow.

Peak II is attributed to reduction of UQO from the

aqueous phase, since i .. decreases as /¿E water contentpc, 1 I

decreases (equation 4-5) . Consistent with shifts in E1/2 to
more negative values, the reduced form (UQ0H2) is more water
soluble than UQO [84], Since UQOH2 must reside in the

aqueous phase, peak III is attributed to the oxidation of
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UQ0H2 from the aqueous phase and peaks II and III will form

a redox couple, as observed experimentally.

As indicated by AEp, this redox couple (peaks II/III)

has quasi-reversible kinetics which become faster as /¿E

water content decreases. At the GC electrode in contact

with the aqueous phase, surfactant adsorbs tail first with

the head groups toward the aqueous solutions (See Chapter 4)

instead of the reverse hemimicelles described for the

electrode in contact with the oil phase. For UQO in the

aqueous phase, partitioning through this thinner surfactant

layer is easier than through the reverse hemimicelles.

Thus, the reaction is faster than the reaction from the oil

phase. As the nE water content decreases, the adsorbed

surfactant becomes more disordered. Therefore, UQO

partitions through the adsorbed surfactant more easily and

kinetics become faster. The disordering of the surfactant

layer with decreasing fiE water content was also observed for

Fe(CN)6'3 in SDS ¡iEs, where AEp decreased as water content of

the ijlE decreased (Chapter 4) .

Electrochemistry of Ubicruinone 50

Non-Acrueous Solutions

In TBABF4/DMF on GC, E1/2 = -0.602±20 was observed by
Prince et al. [80]. Since the solubility of UQ50 was low

and peak currents for the second reduction are typically
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smaller than for the first reduction, the second reduction

(equation 5-2) was not observed [80].

Aqueous Systems

Although UQ50 is not water-soluble, E1/2 has been
measured in alcohol/water systems. In Tris-HCl buffer in

4:1 methanol/water solution (pH «7.9), E1/2 = -0.196 V [83]
and in Tris-HCl buffer in 9:1 ethanol/water solution (pH «

7.7), E1/2 = -0.185 V [83]. The reduction is quasi-

reversible, with AEp = 70-90 mV at v = 100 V/min [83].

SDS Microemulsions

In 45/5 SDS /xE, one cathodic peak, which became more

negative with increasing v, was observed (Figure 5-10). At

100 mV/s, Epc = -0.47±0.01 V. The observed shift in Epc

with v is typical of an irreversible system. From a plot

of log i vs. log v, slope = 0.42±0.03, which indicates a

diffusion controlled process.

Because of its long hydrophobic sidechain, UQ50 will

reside in the oil phase of the /xE. Surfactant will adsorb

on GC in contact with the oil phase in the form of reverse

hemimicelles (Chapter 4). Since UQ50 resides in the oil

phase, it must partition through the hemimicelles in order

to react. Since exchange across the surfactant layer will

be slow [86], electron transfer kinetics are irreversible.

Irreversible kinetics were also observed for UQ0 in the /xE



current(/¿A)

102

Figure 5-10 Cyclic Voltammogram of 1.0 mM Ubiquinone 50
in 45/5 SDS mE

v = 100 mV/s
on GC electrode, area = 0.075 cm2
See Table 2-1 for exact composition.
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oil phase, since the exchange of UQO across a surfactant

membrane is also slow [86].

Due to the low solubility of UQ50 in /uEs, DPV was used

to determine shifts in potential with /xE composition. For a

reversible system, E(nax from DPV « E1/2. However, for an

irreversible reduction (as with UQ50) E will be shifted to

potentials more negative than E1/2. Table 5-9 shows that Emax
in ¿xEs is more negative than in alcohol/aqueous solutions

and becomes more negative as the juE water content decreases.

Since neither UQ50 nor its reduced form (UQ50H2) are water
soluble [85], both will reside primarily in the oil phase

and Dr « D0. Equation 4-9 can be used to determine Kg/KR for

probes residing primarily in the oil/membrane phase. Using

equation 4-9, D0 « DR, E° 1 « E1/2 in the alcohol/water
solution and E|nax « E1/2 in the /xE, then for an 89/1 SDS /xE,

Kq/Kjj = 9 X 10*3. Since E(nax is more negative than the true

E1/2, the ratio Kq/K,, is probably not as low as this
calculated value. Similar calculations for 45/5 SDS ¿xE show

Kg/KR = 3 X 10'4. From Kg/I^, UQ50 partitions more into the

oil phase than does UQ50H2. Since neither UQ50 or UQ50H2
are water soluble, Kg and may be reflecting partitioning
between the oil and membrane phase rather than between oil

and water. Consistent with greater partitioning of UQ50

into the oil (instead of membrane phase) than UQ50H2, other
studies have shown that UQ50H2 interacts more with

phospholipid membranes than does UQ50 [62]. As water



104

Table 5-9
Differential Pulse Voltamxnetric Results for Ubiquinone 50 in

SDS Microemulsions

[UQ50] ¿¿Ea Emax ip/ [UQ50 ]
(mM) (mV) (MA) /¿A/mM

0.61 DMFb -602±40

1.04 45/5 -408±14 6.311.4 6.0611.40

0.54 89/1 -317119 1.1110.23 2.0510.80

0.1 MeOHc -196

aSee Table 2-1 for exact SDS mE composition.

bEp from CV in DMF/TBABF4 [80]

cE1/2 determined from sampled DC polarography in Tris-HCl
buffer in methanol-water (4:1) solution, pH ~ 7.9 [83]
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content decreases, Kg/KR decreases. Since each form of the

probe is in a slightly different environment, the effect of

HE composition on the partitioning of each form of the probe

will be slightly different.

Conclusions

Both BQ and UQO reside primarily in the aqueous

environment of water rich SDS ¿xEs. This was demonstrated by

D0 of BQ which was similar for both 89/1 /xE and for aqueous

solution and by of UQO which was the same in 89/1 /xE as

in aqueous solution. Although hydrohobic UQ50 must reside

in the oil phase, the results show that this phase is not

completely non-polar. For instance, uv lmax is consistent
with an alcohol-like environment rather than a non-polar

one. Since protonated quiñones react at less negative

potentials than quiñones in an aprotic environment,

experimental E° ' values in /xEs are consistent with a

somewhat protic environment rather than an aprotic one. For

example, E° ' in 89/1 SDS ¿xE is about the same as in 0.1 M

NaCl(aq) and never becomes as negative as the E° ' in DMF
(Table 5-7). Even for hydrophobic UQ50, E" 1 in )xE is less

negative than in DMF (Table 5-9). Partitioning of water

and/or alcohol into the oil phase can contribute to the

polarity of the oil environment [1].

Ubiquinone does not easily penetrate the surfactant

layer [82]. This was most obvious in the split peak
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behavior of UQO, where the two reaction pathways indicate

that exchange between /¿E phases (i.e., across the

surfactant/membrane layer) is slow. The adsorbed surfactant

on the electrode also hinders partitioning of quiñones from

solution to the electrode. This is demonstrated by the slow

kinetics of electron transfer. For the aqueous pathway, the

reduction of BQ and UQO residing in the aqueous phase is

quasi-reversible and becomes faster as the adsorbed

surfactant becomes more disordered (with decreasing water

content, as described in Chapter 4). For the oil pathway,

the adsorbed surfactant layer will be thicker (Figure 4-2)

making partitioning through the surfactant more difficult

than in the aqueous phase. Thus, the reduction of UQ50 and

of UQO residing in the oil phase is irreversible. If these

results are extended to biological membranes, it would be

predicted that ubiquinones do not diffuse through the

membrane to the hydrophilic exterior. Consistent with this,

Lenaz and Esposti [62] have shown that UQ50 does not easily

diffuse through the membrane to the hydrophilic exterior.

In SDS mEs, E °' values for all quiñones studied are

shifted to more negative values than in 0.1 M NaCl(aq). The
negative shift is consistent with greater partitioning of Q

into the oil phase than of QH2. Since the water solubility
of Q < QH2 [84], experimental results correspond to

potential shifts predicted from Appendix B.
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Partitioning of quiñones was shown to be a function of

HE composition. For these probes, shifts in E1/2 to more

negative values with decreasing /lzE water content indicated

that Q partitions into the oil phase more than QH2 as ¿zE
water content decreases. The increase in partitioning of

UQO into the oil phase was also indicated by increasing ipc
for the peak which corresponds to the reaction from the oil

phase and shifts in A to shorter wavelengths as ¿zE water

content decreases.

Other electrochemical results (e.g., kinetics and

adsorption) for quiñones in /zEs are consistent with the

behavior of other electroactive probes in /zEs described in

Chapter 4.



CHAPTER 6
MICROHETEROGENEOUS SOLUTION MODEL

Structure

The structure of a xnicroheterogeneous solution

determines the diffusion coefficient of an electroactive

probe. Probe partitioning determines the phases in which

the probe resides and is determined by both electrostatic

and hydrophobic effects. Hydrophobic effects have a greater

influence on partitioning than electrostatic effects. This

was observed with the MV*2/*‘ couple in SDS solutions, where

MV*‘ partitioned better to the anionic aggregate than the

more highly charged MV*2 in both /¿Es and micelles. This is

probably due to the position of the probe. If the probe is

electrostatically bound to the membrane, it is also in

contact with the aqueous phase, allowing facile exchange

between phases. If a probe is hydrophobically bound,

partitioning is more difficult since the probe must pass

through the membrane phase.

Hydrophilic probes can be attached to the surfactant

head group by the weaker electrostatic interactions. This

was observed for Fe(CN)6‘3 in CTAB fj.Es and MV*2 in SDS fj.Es.

Consequently, hydrophobic probes reside primarily in

hydrophobic regions and hydrophilic probes reside in aqueous

108
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regions or may be electrostatically attached to the

surfactant/membrane phase.

While a probe may reside primarily in one phase, some

fraction of that probe will also be present in other phases.

Since apparent diffusion coefficient is related to diffusion

coefficients of the probe in each of these phases,

partitioning directly influences apparent diffusion

coefficient (Appendix A). If a probe exists primarily in

one phase, the apparent diffusion coefficient generally is a

measure of diffusion in that phase. This is the case for Fc

in ij.Es, where its DR is a measure of diffusion in oil. If

significant fractions of a probe partitions into two phases,

the apparent diffusion coefficient is a measure of diffusion

in both phases. For example, D0 of MV*2 accounts for both
membrane phase and aqueous phase diffusion. This mixed

diffusion behavior due to partitioning has been observed in

many microheterogeneous systems [45-47].

Structure of the phase in which the probe resides is

the key factor in determining its diffusion coefficient. If

the probe is confined to an aggregate, it can only diffuse

over macroscopic distances by diffusing with the aggregate.

Therefore, diffusion coefficient will be determined by the

size of the aggregate (Stokes-Einstein equation 3-1). A

probe attached to the membrane phase of an aggregate also

diffuses with the aggregate for similar reasons. Typical

aggregate diffusion coefficients for ¿¿E droplets and for
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micelles are 10'7 cm2/s. For bicontinuous /zEs, a probe

attached to the membrane phase is limited to the interface

between oil and water. Thus, its movement is very

restricted and its diffusion coefficient will be slow.

Typical diffusion coefficients for probes in the interface

of bicontinuous /zEs are 1 X 10'6 cm2/s.

Obstruction by the membrane layer and the phase in

which the probe does not reside decreases diffusion

coefficients of probes in a continuous phase. Obstruction

of a probe's movement in a continuous phase increases the

diffusion path of the probe, decreasing the diffusion

coefficient. In droplet /zEs, there is little obstruction

for a probe diffusing in a continuous phase, thus diffusion

coefficients are only slightly lower than in homogeneous

solutions. For example, D0 of Fe(CN)6'3 = 6.7 X 10'6 cm2/s in
0.1 M NaCl(aq) and 5.9 X 10'6 cm2/s in a droplet SDS /zE.
However, in bicontinuous /zEs, obstruction is significant and

causes a decrease in diffusion coefficients by a substantial

amount. For instance, D0 of Fe(CN)6'3 in a bicontinuous ¿zE

is ca. IX 10"6 cm2/s.

Because of the influence of /zE structure on probe

diffusion, diffusion coefficients can be used to determine

structure of both droplet and bicontinuous phases. Since

the diffusion coefficient of probes in aggregates reflects

diffusion of the aggregates, it may be used to determine

droplet size. To interpret diffusion coefficient values in
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order to determine structure, partitioning of the probe due

to hydrophobic and electrostatic effects must be considered.

Reactivity

Reactivity of a probe in a microheterogeneous system

depends on diffusion coefficients and partitioning constants

of both the oxidized (Ox) and reduced (Red) forms of the

probe (Appendix B). If Ox and Red reside in different

microenvironments, their diffusion coefficients are not

equal. This alone shifts the formal potential, E°'.

However, the partitioning constants will also not be equal,

and this also shifts E°1. Since both diffusion coefficients

and partitioning constants are a function of /xE composition,

E0' can be controlled by altering /xE composition.

Alternatively, since the relationship between diffusion

coefficients, partitioning constants and potentials is known

(Appendix B), shifts in E°' can be used to determine

partitioning constants. The relationship between

partitioning constants and E°' can be applied to most

microheterogeneous systems, including micelles [12], polymer

films [86], and binding of electroactive probes to DNA [87],

as well as to /xEs.



CHAPTER 7
MODEL OF ELECTRODE INTERFACE IN MICROHETEROGENEOUS SOLUTION

Kinetics

Since nEs are optically transparent, the oil/water

interfaces roust be less than 500 nm apart [59]. Because

electrodes have much larger areas, on the order of mm, they

must be in contact with both the oil and water phases.

However, the fraction of the electrode in contact with each

phase will change with composition.

Tail groups of surfactant adsorb onto hydrophobic GC

[59]. The fraction of the electrode in contact with the

aqueous phase has the polar head group of the surfactant

extended into the aqueous solution (Figure 4-2). Thus,

probes in the aqueous phase can be electrostatically

repelled from or attracted to the electrode, modifying the

effect of applied potential. Probes which are attracted to

the electrode show enhanced kinetics, while the kinetics of

probes which are repelled from the electrode are hindered.

For Fe(CN)6'3, this behavior is evident. In SDS /xEs where

Fe(CN)6‘3 is repelled from adsorbed anionic surfactant,

kinetics are much slower than in aqueous solutions.

However, in CTAB ¿¿Es where Fe(CN)6'3 is attracted to adsorbed
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cationic surfactant, the kinetics are faster than in aqueous

solutions.

Changes in the solution environment alter the layer of

adsorbed surfactant. Addition of electrolyte is known to

make surfactant systems more ordered and compact [23,26,59],

while addition of alcohol makes surfactant solutions less

ordered [20,23,30]. If the surfactant layer is more

disordered, the probe may more easily penetrate the adsorbed

surfactant, thus improving kinetics. In jxEs, the surfactant

on the electrode surface becomes more disordered as the

water content decreases. This was observed for both

Fe(CN)6'3 and UQO, where the kinetics improve as /zE water

content decreases.

The fraction of the electrode which is in contact with

the oil phase will have a surfactant layer in the form of

hemimicelles. Since the surfactant adsorbs tail first onto

the electrode, in the oil environment, polar head groups

will interact with other head groups (rather than oil) so

that the hydrophobic surfactant tails are in contact with

the oil. Thus, reverse hemimicelles are formed (Figure

4-2). Similar formation of normal hemimicelles on

hydrophilic surfaces has been observed [57,59]. The

kinetics of probes which pass easily through the surfactant

layer will be unaffected. For instance, Fc has reversible

kinetics in aqueous, organic, micellar and /zE solutions. On

the other hand, UQO does not easily penetrate the surfactant
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layer. Thus, reactions are observed for both aqueous and

oil pathways. Since in the oil pathway a thicker surfactant

layer is involved, its kinetics are slower than for the

aqueous pathway.

Adsorption

Probe adsorption decreases in microheterogeneous

solutions, since probes may be solubilized in the

microheterogeneous solution environment instead of adsorbing

onto the electrode. This was observed for hydrophobic MV°
which strongly adsorbs on GC in aqueous solutions, but does

not adsorb in SDS /¿Es. However, MV*" is electrostatically

attracted to the adsorbed surfactant layer and is

hydrophobic enough to weakly coadsorb with the surfactant on

the electrode. As indicated by increasing i^/ipa with
decreasing /uE water content, adsorbance of MV*' increases

with decreasing water content. This can be attributed to

the disordering of the surfactant layer which allows more

MV+' to come in contact with the electrode or better

solubilization of MV° which allows adsorption of MV+' to

become more significant. In all /¿Es, the adsorbed

surfactant layer and the hydrophobic phase eliminate strong

probe adsorption. This decrease in probe adsorption due to

adsorption of surfactant on the electrode and solubilization

of hydrophobic probes has also been shown for micelles

[57,58].



APPENDIX A
ROLE OF PARTITIONING IN DEPENDENCE OF PROBE DIFFUSION

COEFFICIENT ON THE CONCENTRATION

Derivation

For a droplet capable of binding multiple solute molecules,

the equilibrium may be written as

M + nX * MXn (A-l)

where M = the microemulsion droplet, X = the solute molecule

and n = number of X bound to M. Then

K'n = [MXJ/{[M][X]n} (A-2)

where K'n = the equilibrium constant for equation A-l. The

amount of X bound to the microemulsion droplet, Xb, can be
expressed as

Xb = n[MXJ (A-3)

or

Xb = [M]nK'nxn (A-4)

where x = concentration of unbound X. Therefore, the

fraction of bound X, fb is

fb = Xh/(x + Xb) (A-5)
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By combining equations A-4 and A-5

fb = [M]nK'nxn/(x + [M] nK' nxn) (A-6)

For convenience, nK'n is written as K" and with rearranging,

equation A-6 can be written as

fb = [M]Knxn*1/ (1 + [MJKV1'1) (A-7)

For fast exchanges between the aqueous phase and the

droplet, the apparent diffusion coefficient, D' is related

to the diffusion coefficient of the probe in the aqueous

phase, D1, and the diffusion coefficient of the droplet, D2,

by [45]

D' = D, (l“fb) + D2fb (A-8)

From equation A-7,

l-fb = 1/(1+ [M] Knxn'1) (A-9)

and substituting equations A-7 and A-9 into equation A-8

D' = D,/ (1+ [M]KnXn’1) + D2[M]KnXn‘1/(l + [M]KnXn’1) (A-10)

Since x and [M] cannot be measured, total concentrations of

probe, Cx, and droplets, CH, are used instead, where

Cx = x + [M]Knxn (A-ll)

and
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C„ = [M] + (1/n) [M]KnXn (A-12)

which can be rearranged to

x = Cx/(1 + [M] Knxn) (A-13)

[M] = C,/(l + (l/nJK^H) (A-14)

Since the expression [M] K^x0"1 is the expression in equation

A-10 which needs to be reformulated,

[ M ] Knxn’1 = CMKnCxn'1/{ (1 + (1/n) Knxn) (1 + [M] Knxn'1) n"1} (A-15)

If the probe is tightly bound to the aggregate (i.e. x «

Cx) , the approximation (l/n)Knxn « 1 and [Mjl^x0'1 « 1 may

be used, then equation A-9 can be written as

D' = D,/ (1 + CMKnCxn'1) + D2CMK"Cxn'1/(l + CmK"Cx"‘1) (A-16)

Equation A-16 was derived similarly by Rusling et al. [47].

Single Probe Per Aggregate

If it is assumed that there is only one probe per

microemulsion droplet, n = 1, equation A-16 can be written

as

D' = 0,7(1 + ChK) + D2CmK/(1 + ChK) (A-17)

Equation A-17, shows that the apparent diffusion coefficient

(D') is not dependent on probe concentration for n = 1.
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Low Probe Concentration

At very low probe concentrations, Cx << 1, it will also
be true that CMKnCxn'1 « 1. Equation A-16 will then be

D' = D, (A-18)

which states that the apparent diffusion coefficient will be

equal to the diffusion coefficient in the aqueous phase.

Similarly, equation A-18 will be true for poor bindinq of

probe to the droplet, Kn << 1.

High Probe Concentration

At very high probe concentrations, Cxn'1 >> 1, then

CHKnCxn'1 » 1. Equation A-16 will then be

D' = D^/ (CHKnCxn'1) + D2 (A-19)

and since C^C^'1 » 1, D,/ (CHKnCxn'1) « D2 and

D' = D2 (A-2 0)

so the apparent diffusion coefficient will be the diffusion

coefficient of the droplet. Similarly, equation A-20 will

also be true for very strong binding of probe to the

droplet, Kn >> 1.



APPENDIX B
DEPENDENCE OF FORMAL POTENTIALS ON DIFFUSION COEFFICIENTS

AND PARTITIONING CONSTANTS

Derivation

For the system,

Oxu + e' ** Redu
ti ti (B-l)
OxH + e' ** RedH

where OXy = the oxidized form of the probe in the aqueous

phase, 0xH = the oxidized form of the probe in the oil

and/or membrane phase, Ox = the oxidized form of the probe

in the entire microemulsion, Redu = the reduced form of the

probe in the aqueous phase, RedH = the reduced form of the

probe in the oil and/or membrane phase and Red = the reduced

form of the probe in the entire microemulsion. Using these

definitions, the following expressions are defined:

[Ox] = [OXy] + [0XH] (B-2)

[Red] = [Redy] + [RedJ (B-3)

Ko " [Oxu]/[OxM] (B-4)

Kr = [Redw]/[RedM] (B-5)
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The Nernst equation for aqueous solutions is

E = E°'aq + RT/nF In ([OXy]/[RedJ) (B-6)

where E = the experimental potential (V), E° 'aq = the
aqueous formal potential (V), R = the gas constant

(C-V/mole’K), T = the temperature (K), n = the number of

electrons (eq/mole), F = Faraday's constant (C/eq). From

equations B-2 through B-5, it may be shown that:

[Ox] = [OXy] + [OXy]/!^ (B-7)

Kq[Ox] = KJOXy] + [OXy] (B-8)

Kq[Ox] = [OXyHKo+1) (B-9)

K0[OX]/(K0+ 1) = [OXy] (B-10)

and similarly

K^Red]/^ + 1) = [Redy] (B-ll)

By substituting equations B-10 and B-ll into equation B-6,

it may be shown that

E = E° 'aq + RT/nF In {Kg [Ox] ( 1+Kr)/Kr[Red] (1+Kq) } (B-12)

which can also be written as

E = E°'aq + RT/nF In ([Ox]/[Red])
+ RT/nF In {^(1+1^)/KR{1+KQ) ) (B-13)
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Since E1/2 is an experimental potential determined by
current, it will be a function of both concentration and

diffusion coefficient [42]. For [Ox] « [Red],

E1/2 = E°' + RT/nF In (Dr/D0)1/2 (B-14)

where E1/2 = the experimental half-wave potential (V) , DR =

the diffusion coefficient of the reduced form of the probe

(cm2/s) , and D0 = the diffusion coefficient of the oxidized
form of the probe (cm2/s) . In cyclic voltammetry, E1/2 =

(Epa + Epc)/2. Thus, equation B-13 can be written as

E1/2 = E°'aq + RT/nF ln (VDo)1/2
+ RT/nF ln (K0(1+KR)/KR(1+K0) } (B-15)

Georges and Desmettre [12] and Ohsawa et al. [37] have also

derived this equation.

Oil-Soluble Ox and Red

Both Ox and Red are strongly associated with the oil

phase. Therefore, KqCcI and ^<<1. Equation B-15 is then

E1/2 = E°'aq + RT/nF ln (°r/do)1/2 + RT/nF In (VV (B-16)

Since both probes are in the same microenvironment, it is

also reasonable that DR ~ D0, in which case

E1/2 = E ° ' gq + RT/nF In (VKr) (B-17)
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Kaifer and Bard used equation B-17 for the binding of MV+2/+‘
to SDS micelles [58], Kobayashi and Anson used this equation

in reference to polymer films [86] and Carter et al. have

used equation B-16 for binding of electroactive probes to

DNA [87].

Water-Soluble Ox and Red

Here, neither Ox nor Red is strongly associated with

the oil phase. Therefore, Kg»! and K„»l. Equation B-15
is then

Ei/2 = E°'aq + RT/nF In (DR/DQ)1/2 (B-18)

Again, since both probes are in the same environment, DR «

D0 and

E
1/2 E ° i

aq

Water-Soluble Ox

(B-19)

Here, Ox is primarily in the aqueous phase.

Therefore, Kg»l, and DR*DQ. Equation B-15 is then

E1/2 = E°'aq + RT/nF ln (VDo)1/2
+ RT/nF ln { (1+KR)/KR) (B-20)

If Red is primarily in the oil phase, ^«1. Equation B-20
is then

EV2 = E°'aq + RT/nF ln (Dr/Dq)1/2 + RT/nF ln (1/KR) (B-21)
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Equation B-20 was used by Ohsawa and Aoyagui for binding of

Fc to CTAB micelles [38].

Water-Soluble Red

Here, Red is primarily in the aqueous phase.

Therefore, ^>>1 and DR*DQ. Equation B-15 is then

E1/2 = EO,aq + RT/nF ln (VDo)1/2
+ RT/nF ln (Kq/ÍI+Kq)} (B-22)

If Ox is primarily in the oil phase, KqCcI and

E1/2 = E° ' aq + RT/nF ln (Dr/D0)1/2 + RT/nF ln Ko (B-23)



APPENDIX C
EFFECT OF PH AND PKg ON FORMAL POTENTIAL OF QUINONE

Derivation

For the reaction

Q + 2H+ + 2e' ** QH2 (C-l)

where Q = any quinone, H+ = proton, e' = electron, and QH2 =

corresponding hydroquinone, the following acid dissociations

can occur

qh2 * QH' + H+ (C-2)

QH' * QH’2 + H+ (C-3)

The acid dissociation constant for equation C-2 is K1, and

K2 is the acid dissociation constant for equation C-3, where

K, and K2 can be written as

[ QH" ] [ H+ ]
(C-4)K1

[QH2]

k2
[Q-2] [H+]

(C-5)
[QH’]

The Nernst equation for equation C-l is
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RT [Q][H]2
E = E0 + In (C-6)

2F [QH2]

where E = potential, E° = standard potential, R = gas

constant, T = temperature, F = Faraday’s constant. When the

concentration of products equals the concentration of

reactants at a given pH, E = E'' = formal potential. For

the case of equation C-l, E = E” when

[Q] = [QH2] + [QH-] + [Q2] (C-7)

which can be substituted into equation C-6 to obtain an

expression for the formal potential

RT [H+]2
E° ' = E“ + In ([QH2] + [QH'] + [Q’2]) (C-8)

2F [QH2]

and by rearranging

RT ( [H+]2[QH‘] [H+]2[Q‘2] 1
E" = E" + — In I [H+]2 4- —- 4- -------- I (C-9)

nF { [QH2] [QH2] )

Since

[H+]2[Q'2]
K1K2 = (C-10)

[QH2]

equations C-4 and C-10 can be substituted into C-9 and

E° 1 = E° + (RT/2F) In ([H+]2 + [ H+ ] K, + K1K2) (C-ll)

At 25°C, the E°’ in volts can be expressed as
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E0' = E° + 0.059/2 log ([H+]2 + [H+ ]K1 + K1K2) (C-12)

Low pH

If the pH « ([H+] is much less than K,) , then the
terms [H*]^ and in equation C-12 are negligible.

Therefore, equation C-12 can be written as

E»' = e0 + 0.059/2 log [H+]2 (C-13)

or

E°' = E° - 0.059pH (C-14)

Thus, the dependence of potential on pH = -60 mV/pH.

Intermediate pH

If pK1 << pH « pK2, then the terms [H+]2 and K1K2 in
equation C-12 are negligible. Therefore, equation C-12 can

be written as

E° ' = E° + 0.059/2 log [H+ ]K1 (C-15)

or

E ° 1 = E° - 0.03OpH - 0.03 0pK1 (C—16)

Thus, the dependence of potential on pH = -30 mV/s.
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High pH

If pKj « pH, then the terms [H+]2 and [H*]!^ in
equation C-12 will be negligible. Therefore, equation C-12

can be written as

E0' = E° + 0.059/2 log (C-17)

or

E° ' = E° - 0.030 (pK| + pK2) (C-18)

with no dependence of potential on pH.



APPENDIX D
QUINONE MECHANISM AND THE EFFECT OF INDIVIDUAL STEPS ON

FORMAL POTENTIAL

The reduction of a quinone (Q) to the corresponding

hydroquinone (QH2) consists of two consecutive electron

transfers and two proton transfers. All the possible

electron and proton transfers in the mechanism can be

summarized in the box scheme as shown below:

E ° 3
.

F °* 6
Q - Q ** Q 2

tIKj uk4 tlK6

QH+ * QH‘ QH' (D-l)
F 0

2
F °^ 5

t IK, tlK2 tiKj

QH2+2 - QH2+' QH2
E ° 1 E\

where E° is the standard potential for the electron transfer

reaction, and K is [H+] times the equilibrium constant for

the protonation. For example, E°3 is standard potential
for the reduction of Q to Q" and K3 = [QH+]/[Q]. The Nernst

equation is

RT [Ox]
E = E ° 4- In (D-2)

nF [Red]
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For the first electron transfer in the box scheme (equation

D-l)

[OX] = [Q] + [QH+] + [QH2+] (D-3)

and

[Red] = [Q-] + [QH‘ ] + [QH2+-] (D-4)

The following expressions are also defined

f 13 K1 + 1 + K3'1 (D-5)

f24 = K, + 1 + K4 (D-6)

Substituting for K, f13 and f24 may also be written as

[QH2+2] [QH+] [Q]

[QH+] [QH+] [QH+]

[QH2+‘] [QH‘] [Q" ]

[QH‘ ] [QH-] [QH-]

(D-7)

(D-8)

Substituting equations D-3 and D-4 into D-7 and D-8, gives

respectively

f13 = [Ox ] / [ QH+ ] (D-9)

f24 = [Red] / [QH‘ ] (D-10)

Substituting equations D-9 and D-10 into equation D-2, where

n=l, leads to
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RT f 13 [QH+]
E = E° + — In (D-ll)

F f24[QH-]
which can be written as

RT f13 RT [QH+]
E = E ° + — In + — In (D-12)

F f24 F [QH']

Also, the potential (E) for the reduction

QH+ + e‘ * QH' (D-13)

can be written as:

RT [QH+]
E = E°2 + In (D-14)

F [QH']

At equilibrium, all reductions take place at the same

potential. Therefore, E in equation D-12 must equal E in

equation D-14 at equilibrium, equation D-14 may be

substituted in D-12. Thus,

RT f13
E = E° + — In + E - E °2 (D-15)

F f2A

which after rearranqement is

E ° = E ° 2 +
RT
— In
F

(D-16)

Since E° expresses the apparent standard potential for the

reduction of all forms of quinone, it is defined as E° = Er1
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and the expression for the relationship between standard

potentials for the individual mechanisms and the equilibrium

constants for the individual protonations is identical to

that derived by Laviron [75]:

Er1 = E°2 + (RT/F) In (f24/f13) (D-17)

The expression for the potential of the second

electron transfer, Er2, can be derived in a similar manner

using the second part of the box scheme (D-l), where

[ox] = [Q~] + [QH‘ ] + [QH2+‘] (D-18)

[red] = [Q*2] + [QH-] + [QH2] (D-19)

f56 = Ks + 1 + V1 (D-20)

From this,

Ep2 = E0 5 + (RT/F) In (f56/f24) (D-21)

The equilibrium potential (E°t) for the overall reaction of

Q + 2H+ + 2e' ** QH2 (D-22)

is then defined as

E *
t = (Er1 + Er2)/2 (D-23)
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