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Abstract

MECHANISTIC STUDIES OF PROTON-COUPLED ELECTRON TRANSFER
REACTIONS INVOLVING ANTIOXIDANTS

By Kejie Meng, Ph.D in Chemistry

A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of
Philosophy at Virginia Commonwealth University.

Virginia Commonwealth University, 2018

Thesis Director: Julio C. Alvarez, Ph.D., Department of Chemistry at VCU

The objective of the research was to investigate proton-coupled electron transfer (PCET)
reactions involving antioxidants to gain insight into the detailed mechanisms of glutathione
(GSH), Trolox, and a-tocopherol (a-TOH). PCET reactions are complex redox reactions that
transfer electrons and protons sequentially or in concert. These reactions are ubiquitous in natural
or artificial processes that produce electrochemical energy that is extractable as electricity or as
chemical fuels of high energy content. Examples of processes based on PCET are photosynthesis,
respiration, nitrogen fixation, carbon dioxide reduction, redox fuel cells, and artificial
photosynthesis. Antioxidants were selected as a PCET model to understand the coupling between
proton transfer (PT) and electron transfer (ET) in order to elucidate structure-reactivity
relationships under different experimental conditions. PCET reactions were studied with a set of

electrochemical techniques to propose a preliminary mechanism that could be validated with



digital simulations matching the electrochemical response. In some cases, other analytical
techniques were used to aid in the system characterization. This thesis presents the results and
discussion of the effects of oxidant-base pairs on the mediated oxidation of GSH, the -2e/-H”
process of Trolox in aqueous and nonaqueous solvents with various pH values, and the particle
collision electrolysis of a-tocopherol in oil-in-water emulsion droplets on an ultramicroelectrode.
Ultimately our goal was to determine the kinetic and thermodynamic factors that control PCET
reactions so that they can be applied in designing artificial systems for the production of energy

using more abundant reagents with lower cost and better yields.



Chapter 1: Introduction and background

1.1 Proton-coupled electron transfer

Electron transfer (ET) and proton transfer (PT) are involved in numerous chemical
reactions that occur in biological, environmental, and other chemical systems.! 2 * Examples are
the 1e’, 1H" oxidation of biological thiols such as cysteine (Cys), glutathione (GSH), and
homocysteine, which are common targets of research due to their biological role as antioxidants
in cells.* ° The 2e”, 2H" oxidation of hydroquinone and the reduction of benzoquinone have also
received attention because of the role of quinones in photosynthesis.® Such reactions are termed
proton-coupled electron transfer (PCET) because they involve the transfer of electrons and
protons in coupled steps; however, the sequence of the transfer may vary. In some cases, the
electron transfer is completed before the proton transfer or vice versa, while in some reactions
both the proton and electron are transfered in a single step without forming a stable
intermediate.” ®

Concerted PCET, commonly represented by CPCET, means that the ET and PT occur in
a single step. “Concerted” implies the absence of an intermediate but does not indicate
synchronous transfer.®> Some authors use “concerted proton-electron transfer” (CEP) to replace
the notation CPCET.’ ® ° The stepwise pathway, ETPT or PTET, implies that the ET and PT take
place in two consecutive kinetic steps. Scheme 1.1 is typically used to facilitate the discussion of
1e/1H" PCET mechanisms. The species A-X-H in Scheme 1.1 represents an oxidizable molecule
and functions as a redox active Bronsted acid. B is a base acting as proton acceptor. A-X-H can

donate an electron and a proton in the presence of B, so that the radical A-X* and BH" are



produced. The horizontal lines in Scheme 1.1 refer to PT reactions and the vertical lines refer to
ET. The coupled routes ET-PT (vertical-horizontal) and PT-ET (horizontal-vertical) represent

the stepwise mechanisms whereas the diagonal pathway represents the concerted reaction

(CPCET).2
PT .
A-X-H + B > A-X"+ BH
CPCET
ET ET
v v
A-X-H*+B > A-X'+ BH*
PT

Scheme 1.1 Square schemes for proton-coupled electron transfer (PCET).

The stepwise processes go through an intermediate (I) connecting two transition states
(TS) (Scheme 1.2). The intermediate states are uphill (thermodynamically unfavorable) from the
final product.? In the concerted pathway, there is a single transition state involving the concerted
transfer of both the proton and electron without the formation of intermediate species (Scheme
1.2).2 The AG® for CPCET is often more negative than the value of AG® for the initial ET or
initial PT which indicates that concerted reactions are thermochemically favored over stepwise
paths. However, thermodynamic considerations are not sufficient to determine reaction pathways.
Over the last 20 years, chemical and electrochemical studies involving theoretical and
experimental methods have been done to investigate the kinetic and thermodynamic behavior of
PCET reactions in order to further understand their mechanisms. The goal of this thesis research

was to investigate the factors (oxidants, base, pH, pKy) that affect the interplay between ET and



PT, which can be applied in designing artificial systems for the production of energy relying on

proton-coupled electron transfer processes.

I
<
Reactants Reactants
__Stepwise ____Concerted
Products Products

v

Reaction coordinate

Scheme 1.2 Pathways of concerted and stepwise reactions.

1.2 PCET involving antioxidants

PCET is ubiquitous in biological redox reactions where proton transfer and electron
transfer reactions are tied to the energy conversion of biomolecules. Molecules with electroactive
hydroxyl (OH) and sulfhydryl (SH) functional groups are commonly selected as models to study
PCET reactions. GSH, Trolox, and a-tocopherol were used for mechanistic studies of PCET
reactions in this tresearch. These antioxidants are widely used as targets of research because
antioxidants help to protect cells against the effects of free radicals and their concentration
changes are commonly related to various pathologies.*> *° The concentration of GSH found in
cells is usually in the range of 1-10 mM.*! The first stage of GSH in antioxidant defense in cells
is to lose one electron and one proton to generate a radical GS®. After the oxidation, thiol
radicals dimerize and form the disulfide GSSG at a diffusion limited rate.*> ' The proton-
coupled electron transfer reactions occurred in the first stage of the oxidation of GSH. In this
research, the mechanistic studies of GSH were achieved electrochemically by using metal
complexes (Mo(CN)s*, IrCl¢*, Fe(phen)s>*) as mediators, where the oxidation of GSH was

5



studied by analyzing the redox current changes of the mediators indirectly.** The rate of
oxidation of GSH was investigated in buffered aqueous solutions at various concentrations,
different pH values, and various pk, values. The apparent exothermic and endothermic values of
8PAG®’ for proton transfer and electron transfer were obtained as described later. The work in
chapter 2 provides a better understanding of the interplay between PT and ET, which will help in
designing catalysts for the energy harvesting process with better yields. a-Tocopherol (a-TOH)
is by far the most naturally abundant and biologically active component of vitamin E. The
functional group OH of a-tocopherol can react with a free radical in mammalian tissues to
protect living cell lipids.® * ** Vitamin E has been proposed to terminate the free radical chain
autoxidation cycle by first reacting with a hydroperoxide radical (LOO®) to generate a lipid
peroxide (LOOH) in a cell membrane and a tocopherolxyl radical (0-TO®). Second, the
tocopherolxyl radical reacts with another hydroperoxide radical to terminate the autoxidation
cycle. The PCET reaction happens in the first step of the oxidation of a-TOH. However, a
growing body of evidence shows that a-TOH can also act as a cellular signaling molecule by
interacting with other proteins and enzymes of the cell.® 1" 8 It is generally true that natural
phenols have an antioxidative function in biological systems and a-TOH and a-TO*® are thought
to be involved in the biological chemistry of its antioxidative cases. ** **** Electrochemical
experiments have demonstrated that a-TOH undergoes a -2e/-H" process and that additional
semistable oxidized compounds are formed. Examples of these semistable compounds are
phenoxonium cation (a-TO"), cation radical (a-TOH"®), dication (a-TOH?*), phenolate anion (a-
TO"), hemiketal (a-TOQ(OH)), and p-quinones, which were determined by a combination of
electrochemical and in situ spectroscopic analyses.” 2! # The phenoxonium cation (a-TO") has a

long life and is unlikely to react with free radicals under the environmental conditions compared



with a-TO®.?® Richard’s research group proposed that a-TO* may have important role in a-
TOH’s non-antioxidant actions and that all other oxidized forms of vitamin E are worthy of
consideration.”*  Currently, there are no detailed mechanisms in existence that explain the
functions of phenoxonium cations in biological systems, but the work described in chapter 4
explored those properties. Trolox is an analogue of a-TOH but is more hydrophilic since it has a
carbonyl group at the 2-position instead of the extended phytyl hydrocarbon chain. Trolox is
used as a standard in the Trolox Equivalent Antioxidant Capacity (TEAC) assay to measure the
antioxidant capacities of natural antioxidants because it enables the TEAC assay to study both
water-soluble and lipid-soluble antioxidants.® Proton-coupled electron transfer reactions
happened to the OH group of Trolox at the 6-position. In the procedures of the TEAC assay,
Trolox and antioxidative samples react separately with generated ABTS [2,2’ — azinobis-(3-
ethylbenzothiazoline-6-sulfonic acid)] radical cations. The decrease in ABTS®" concentration by
adding a certain concentration of antioxidant sample, is related to that of 1ImM Trolox and
provides the TEAC values of the antioxidant. This assay is the one most widely used since it is
not expensive and has straight forward procedures.? * 2 However, the TEAC values of a single
compound or sample differed in various solvents or pH values.?® The details of the mechanism
between Trolox and ABTS®" under different experimental conditions are still not clear. A deeper
understanding of the electrochemical reactions of Trolox in aqueous and nonaqueous solutions is
required. As described in chapter 3, the anodic oxidation of Trolox was studied in water and
acetonitrile solutions at various pH values. Electrochemical methods and UV-vis spectroscopy
were used to characterize the generated intermediates and products. Digital simulation was used
to evaluate our proposed oxidation mechanism of Trolox. The results and discussions presented

in Chapter 3 will help to improve TEAC assay.



1.3 Electrochemical methods

The electrochemical experiments on antioxidants presented here were performed at
various pH values, under aqueous and nonaqueous solutions, and in the presence of various
concentrations of buffer solutions. Macroelectrodes (3 mm in diameter GC, 2 mm in diameter Pt)
and an ultramicroeledtrode (10 pm in diameter Pt) were used for electrochemical measurements
in the following three research projects (chapters 2, 3, and, 4). Cyclic voltammetry,
chronoamperometry, chronocoulometry, and bulk electrolysis were the primary electrochemical
techniques used in this research. Digital simulation was used to simulate the experimental data in
order to test the validity of the proposed mechanism and obtain related thermodynamic and
kinetic parameters. This section of the introduction and background chapter describes the
fundamentals of the commonly used electrochemical techniques and the procedures required to
use digital simulation software.
1.3.1 Cyclic voltammetry

Cyclic voltammetry is a commonly used electroanalytical technique for the study of
electroactive species. This technique has been extensively used in the fields of electrochemistry,
inorganic chemistry, organic chemistry, and biochemistry.® In this method, the potential of a
working electrode is changed linearly through time, starting from the initial potential where no
reduction or oxidation reaction occurs and moving to potentials where the electron transfer
reaction of the redox species occurs. After traversing the peak potential (about 200 mV beyond),
the direction of the linear sweep is reversed, and the electrochemical current of the intermediates
and products formed during the forward scan can be detected.? The scan rate (v) controls the
time scale of the experiment. A supporting electrolyte is commonly used to increase the

conductivity and maintain the ionic strength of the solutions.?® Several important parameters can



be obtained from the cyclic voltammogram (CV, current-potential curve) directly: cathodic (Epc)
and anodic (Ep,) peak potentials, cathodic (i,c) and anodic (ipa) peak currents, half-peak potential
(Epr) and half-wave potential (Ei). Cyclic voltammetry measurements can also be used to
calculate the diffusion coefficient (D) of the redox species, the number of electrons transferred in
the reaction process, and the heterogeneous rate constant of the electron(s) transferred to/from
the working electrode.?®

Cyclic voltammetry consists of cycling the potential of the working electrode and
measuring the current response. Scheme 1.3 shows the simplified three-electrode setup used for
electrochemical experiments. The potentiostat was used to control the potential applied to the
working electrode which was measured with respect to the reference electrode. The auxiliary or
counter electrode, along with the working electrode, provides a circuit for current flow.
Therefore, the potential changes of the working electrode are measured independently and more
accurately compared with a two-electrode setup.?® Different electrode materials can lead to
different cyclic voltammogram responses.® In the present work, a glassy carbon (3 mm in
diameter) electrode was used to study the mediated oxidation of GSH and electrochemical
reaction of Trolox in aqueous solutions. A Pt electrode was used to detect the oxidation reaction
of Trolox in organic solvent (Pt 2 mm in diameter) and the particle collision electrolysis of a-
tocopherol in toluene emulsion droplets (Pt 10 pum in diameter). Ag/AgCl and Ag wire were
used as the reference electrodes. A Pt wire was used as counter electrode in all the
electrochemical experiments. The three-electrode setup was put inside a Faraday cage, to
minimize the electromagnetic interference from the surroundings when running all voltammetric

experiments.



[ Potentiostat ] .
Counter electrode (Pt wire)

Working electrode
(Pt, Au, GC) _— Nitrogen inlet

Reference electrode

(Ag/AgCl, Ag wire)

Scheme 1.3 Standard three-electrode cell setup connected to a potentiostat used for cyclic
voltammetry experiments.

Scheme 1.4 shows the difference in the voltammograms for a macroelectrode and a
microelectrode. In principle, a stationary electrode immersed in an unstirred electrolyte solution
is given a potential that changes linearly over time in the forward and backward scans. When the
potential is scanned from negative to positive, the electroactive species can undergo an oxidation
reaction (heterogeneous charge transfer) in the electrolytic solutions, that is, electrons will be
transferred from the redox species to the electrode.?® The concentration of redox species on the
surface of the electrode starts to change at the same time, in that the starting materials start to
diffuse to the electrode and the oxidized forms set off diffusive mass transport from the electrode.
Depending on the size of the electrode and the volume of the electrolytic solution used,
voltammograms can distinguish between macroelectrodes and microelectrodes. For disk
macroelectrodes with a diameter > 1 mm, mass transport perpendicular to the electrode is in the
form of a semi-infinite planar diffusion and this process produces the characteristic cyclic
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voltammogram.®! The current response is typically described as “diffusion limited” and gives
rise to an asymmetric peak, as shown in Scheme 1.4 (left).** As the electrode size is reduced to
an ultramicroeletrode, the diffusion process depends on the shape of the electrode and
convergent diffusion to the edges of the electrode become significant. A spatial diffusion field
develops which results in the loss of the typical “duck” shaped response,?’ as is evident in
Scheme 1.4 (right), to form a sigmoidal voltammogram. When scanning the potential in the
reverse direction (from positive to negative), the reduction reaction happens at a macroelectrode
(under planar diffusion) and the oxidation reaction occurs at the ultramicroelectrode (under
spherical diffusion).”® For the electrochemically reversible electron transfer process, the
magnitude of the voltammetric current (i) observed at a macroelectrode is governed by the

following Randles-Sevcik equation®;

A\ 1/2 .
i ) Equation 1.1

ip = 0.446nFAC” (2

where i, is the peak current (A), v is the scan rate (V/s), n is the number of electrons
transferred in the redox reaction, A is the electrode surface area (cm?), D- is the diffusion
coefficient of the analyte (cm?/s), C° is the bulk concentration of the redox species (mole cm™),
F is the Faraday’s constant, R is the universal gas constant, and T is the temperature (K). If the
electrochemically reversible process involves freely diffusing redox species, the peak current
(ip) increases linearly with the square root of the scan rate v, and the equation can be used to
calculate the surface area of the electrode (A) and the diffusion coefficient (D-) of the redox
species in the solution. The magnitude of the steady state current (iss) observed at an
ultramicroeletrode is expressed by the steady-state current equation which is independent of
the scan rate (v):

igs = 4nrFD-C Equation 1.2
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where r- is the radius (cm) of a ultramicroelectrode. This equation can be used for both
spherical and hemispherical electrodes and provides information on the n and D- of the redox

species in the electrolyte solution.?

A A
backward scan backward scan
reduction oxidation
=3 |

«— «—

forward scan forward scan
oxidation oxidation

> >

+ E/V - + E/V -
lluu \\J«k microelectrode

macroelectrode
(< 25 um)

planar diffusion spherical diffusion

Scheme 1.4 Voltammetric current-voltage curves. Left: for semi-infinite planar diffusion to a
macroelectrode; right: for spherical diffusion to a microelectrode.

Electrochemical behaviors of electroactive reactants adsorbed on the electrode surface are
different from voltammograms described in Scheme 1.4. The peak current (ip) is directly
proportional to scan rate (v) when redox species are adsorbed on the electrode surface.®® The
cathodic and anodic current peaks will appear at the same potential and have equal magnitudes

for ideal, reversible adsorbed electroactive species.?

Cyclic voltammetry can also be applied to the qualitative diagnosis of homogeneous
chemical reactions that are coupled to electron transfer reactions.?® As described later in Chapter
2, the mediated oxidation of GSH is the sample case of E;C; process. E indicates a heterogeneous
electron transfer reaction and C represents a homogeneous chemical step. The subscript r

indicates reversibility and subscript i indicates irreversibility. The E,C; mechanism of the
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mediated oxidation of GSH shows the reversible electron transfer of mediators on the surface of
a working electrode followed by an irreversible homogeneous chemical reaction between GSH
and oxidized mediators in the solution. The reversible, one-electron transfer reaction of the
mediator gives rise to a “duck” shaped voltammogram. A slow homogeneous chemical reaction
results in a more complicated voltammogram because the oxidized mediator reacts to GSH in the
solution. When the rate constant of the chemical reaction increases, the amount of oxidized
mediator consumed in the chemical reaction increases. The ratios of the anodic to cathodic peak
currents increase because the oxidized mediator is consumed by GSH, resulting in fewer species
to reduce on the cathodic scan. The scan rate affects the experimental response because the time
scale of the experiment competes with the time scale of the chemical reaction. Therefore, cyclic
voltammograms can provide kinetic and mechanistic information for electron transfer reactions
coupled with chemical reactions processes. The oxidation reactions of Trolox and a-tocopherol

undergo two sequential electron transfer reversible processes as described in Chapters 3 and 4.
1.3.2 Chronoamperometry and chronocoulometry

As shown in Equations 1.1 and 1.2, when the sizes of electrodes are reduced, the current
responses of the electrodes undergo qualitatively similar changes because, as the distance from
the working electrode increases, the redox species flux per surface unit decreases.?®
Chronamperometric (CA) and chronocoulometric (CC) techniques can provide more details of

this phenomenon.
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Figure 1.1 Potential wave form of double potential step vs. time (A); the current response vs.
time (B); the charge response vs. time (C).

As shown in Figure 1.1, the redox reaction does not occur when the value selected is the

Initial E and when there are no concentration gradients adjacent to the electrode surface. The

First step E and Second step E are sufficient to completely reduce or oxidize a dissolved

electroactive species at the electrode surface. The current vs. time for the double potential step

CA experiment is shown in Figure 1.1 B. When the potential is stepped to First step E or

Second step E, there is a current “spike” followed by a gradual decay in the current. The current

response is a measure of the rate of electrolysis.®® The current “spike” is generated by

electrolyzing the redox species adjacent to the electrode surface. Once these substrates have been
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electrolyzed, the current is controlled by the rate of diffusion of the starting materials (in the
forward step) or the generated products (in the reverse step). 3* The current vs. time plot for CA

is described by the Cottrell equation:?®

__ MFACe\/D-
- mt

Equation 1.3

where the current decreases as a function of t /2. CA was used to measure the surface areas of the
working electrodes, diffusion coefficients of mediators, Trolox, and a-tocopherol in this research.
The charge is the integral of the current with respect to time. As shown in Figure 1.1 C, the CC
response was collected by the CC technique using a CHi660c electrochemical workstation in our

research group. Similarly, the charge vs. time curve is described by Anson Equation:*
Q= %D_t + Q. + Quas Equation 1.4

where Q. is the charge following into the interfacial capacitance when the electrode potential is
stepped from Initial E to First step E. Qags IS the extra charge produced by the adsorbed species

on the electrode surface. The quantity of adsorbed species can be calculated by Equation 1.5%°:
Qqas = nFT Equation 1.5

where I is the surface coverage of the adsorbed species (mole/cm?). The linear relationship

between Q and t“2is widely used in a variety of electrochemical measurements.

In chapter 2, the “duck” shaped cyclic voltammograms of three mediators (Mo(CN)s*,
IrCls>, Fe(phen);*") were obtained because these electroactive molecules undergo
electrochemically reversible processes. In the presence of GSH, the voltammograms were more

challenging to interpret since chemical reactions are coupled to the electron transfer reactions. In
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chapter 3, Trolox and oxidized products were adsorbed onto the surface of the GC electrode in
aqueous solutions. Chronocoulometry was used to calculate the surface coverage values of the
adsorbed species. After the -2e/-H" proton-coupled electron transfer process of phenols, as
shown in chapters 3 and 4, chemical decomposition reactions happened to the intermediate
phenoxonium ions. Adsorption and coupled chemical reactions affect the shapes of experimental
voltammograms. Digital simulation is a useful method for testing the validity of the proposed
electrochemical reaction mechanisms of the oxidation of antioxidants in this work. The
associated rate constants and thermodynamic information can be extracted from the simulation
results. In the next section, the process of using DigiElch7 to simulate a cyclic voltammogram of

the redox pair Mo(CN)g>/ Mo(CN)g* is described.

1.3.3 Digital simulations of experimental cyclic voltammograms using DigiElch 7

Digital simulations of experimental voltammograms were performed using the DigiElch
7 software package. The theoretical basis of this software has been described extensively in
previous published reports.® *" *8 ¥ 40 The simulation process can be used to test the proposed
mechanisms by fitting all the thermodynamic and kinetic parameters until a close match to the
experimental CV is obtained. Moreover, a fundamental knowledge of the electrochemical
reactions and coupled chemical reactions involved in the electrolytic solution is required to
evaluate the simulation results.

As shown in Scheme 1.5, the proposed mechanism and the related thermodynamic and
kinetic parameters were entered into the software to simulate an experimental voltammogram of
the redox couple Mo(CN)g*/ Mo(CN)g*. “Ox” represents the oxidized form of a redox couple,

Mo(CN)g>, and “Red” corresponds to the reduced form Mo(CN)g*. “e” is used to represent one
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Scheme 1.5 Chemical reaction window of DigiElch 7. Reproduction authorized by ElchSoft.

Ce__9

electron. The sign represents a reaction at equilibrium. “P” is used to represent any products
formed in the solution. The reaction of “Ox + e = Red” shows the heterogeneous electron
transfer reaction of the redox couple happened on the surface of a working electrode. “Ox = P”
shows the homogeneous chemical reaction of Mo(CN)s® happened in the solution. The number
of charge-transfer reactions and chemical reactions entered into the simulation software depends
on the complexity of the proposed mechanism. E° was initially approximate from the
experimental data as the half-way potential (E12 = (Epa + Epc)/2). The transfer coefficient (a) has
a typical value 0.5.% The heterogeneous rate constant ks (cm/s) was estimated using the method

of Nicholson.** According to Nicholson et.al, The CV’s are functions of the parameter v, defined

by Equation 1.6:**

ks

Y= W Equation 1.6

where, f = F/IRT = 38.92 V!, and v is the scan rate. The diffusion coefficient values of the

oxidant and other produced forms are assumed to be pretty close. The value of y is determined
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by the current peak difference (AE,) for the reversible one-step, one-electron process.** *® Cynal
represents the initial concentrations of the reactants. The unknown equilibrium contant (Keq) and

forward rate constant (ki) were allowed to vary iteratively while adjusting the simulation
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Simulation Name
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Scheme 1.6 Simulation parameters window of DigiElch 7. Reproduction authorized by ElchSoft.

In Scheme 1.6, the scan rate and potential range parameters had the same values as used
in performing voltammetric experiments. The area of the working electrode was calculated by
CA and CC techniques. Since the diameter of the working electrode was approximately 3 mm,
planar geometry, and a semi-infinite 1D diffusion mode were choosen. The other parameters
were set by the DigiElch software as default values to start the simulation. Once all the
parameters required by the software were entered and the experimental CV was imported, the
simulation process was ready to run. The simulated (black circles) and experimental (green lines)
CV’s appeared to be overlaid, as shown in Scheme 1.7. Before obtaining a close match, small

changes can be applied to the calculated or previously known parameters; larger changes are
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used to adjust an unknown equilibrium and rate constants. This procedure continued until a good
agreement of the magnitude of the peak current and the position of the peak potential were
obtained. To obtain the optimal kinetic and electrochemical parameters, one set of simulated

parameters has to match all the experimental cyclic voltammograms over a range of scan rates.

Scheme 1.7 Simulation window of DigiElch 7. Green lines show the experimental CV’s and
black circles represent simulated CV’s. A: before obtaining a good fit; B: final good fit.
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Chapter 2: Interplay of proton and electron transfer to determine concerted behavior in
the proton-coupled electron transfer of glutathione oxidation

2.1 Abstract

Glutathione (GSH), whose thiol group dictates its redox chemistry, oxidizes to the thiyl
radical (GS’), which rapidly dimerizes to GSSG. Previously, we found that the oxidation rate of
GSH by IrCls® depends on the base (B) concentration and the pKj of its conjugate acid BH", so
the concerted pathway GSH + IrClgZ + B = GS™ + IrClg> + BH" was proposed as the rate
determining step. In the current study, this investigation was extended to include oxidant-base
pairs that could be used to obtain apparent exothermic and endothermic values of *PAG*> for
electron transfer (ET) and proton transfer (PT). The experiments were conducted by
electrochemical mediation, whereby GSH reacts with the electrogenerated oxidant M* and the
mechanism is inferred from digital simulations. When the oxidant-base pair coincide to furnish
the most thermoneutral ET, ®AG>’gr = 0, the concerted pathway appears to be the primary
pathway, whereas the further *PAG®’gt gets from zero, the stepwise pathways seem to be more
common. This work supports the prevailing notion that conditions that stabilize charged
intermediates of ET or PT lead to stepwise reactions, but concerted pathways occur when those
intermediates are unstable. Understanding the interplay between ET and PT will help in

designing catalysts for energy harvesting processes that rely on proton-coupled electron transfer.

2.2 Introduction

Proton-coupled electron transfer (PCET) is a type of reaction that involves the occurrence
of a proton transfer (PT) and an electron transfer (ET) in coupled fashion, such that they can take
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place in consecutive steps (PT-ET, ET-PT), or in a single kinetic event known as concerted
proton-electron transfer (CPET).' 23 * ° ® 7 These reactions underlie processes that convert low-
energy content molecules into high-energy products for metabolic functions, such as
photosynthesis and respiration.® ® Concerted pathways in such natural processes increase
efficiency by avoiding charged intermediates with high energy that otherwise would appear in

the corresponding stepwise mechanisms.”® ** %

Chemical conversions like CO, and O;
reduction, which are technologically relevant for producing renewable energy, also rely on PCET,
but implementing the advantage of concerted mechanisms in such systems has not been as
effective as in nature. In part, this is because despite significant strides made since the first report
suggesting PCET as a unique type of transfer,** understanding all the factors that affect the
interplay between PT and ET control PCET reactivity still remain unclear. In this research, we
studied the oxidation kinetics of the natural thiol, glutathione (GSH), under conditions that
yielded both the apparent exothermic and endothermic values of **°AG® gt for ET and PT using
oxidants and bases that respectively had appropriate redox potentials and pK, values. The goal in

this case was to understand the ways in which ET and PT affect each other to dictate either a

concerted or a stepwise mechanism.

SH
o fo) pKa3=8.7 o

H\)kaak&S
HO OH

pKal=2.1

Iz

NH, pKa4=9.7

Scheme 2.1 GSH with pK, values
Glutathione is a tripeptide (Scheme 2.1) made of the aminoacids glutamate, cysteine and

glycine, with the thiol group of the cysteine residue dominating the redox chemistry of GSH and
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displaying a pK,sy of 8.7. The other three proton-active groups, two carboxylates (pKa; = 2.1 and
pKa2 = 3.5) and one amine (pKa4 = 9.7), convey a net charge (-1, -2 or -3) to GSH that depends
on the pH. Previously we studied the oxidation of GSH by the electrogenerated mediator IrClg?,
which initially produces the thiyl radical GS’, that in turn dimerizes into GSSG in a diffusion
limited rate.'® *® The key findings of that work, can be summarized as follows: first, the kinetic
control of the rate determining step (RSD) was dictated by the concentration of GSH, IrCls® and
the base (B) in the buffer system (B/BH™). Second, the reaction exhibited a Bronsted linear
relationship between the observed rate-constant kops and the pK, of the conjugate acid BH,
displaying higher rates with stronger bases. Third, consistent with a degree of concerted
mechanism, a kinetic isotope effect (KIE) that declined when an increasing buffer concentration
was detected. This signaled the occurrence of stepwise pathways. Finally, the influence of B in
the RDS was also corroborated when the sluggish oxidation of GSH in dilute buffer was speeded

up by electrochemically recycling the mediator during fast voltammetric scans (Scheme 2.2).

Mediation : Oxidation

(/(A XGS+BH

GSH+ B

E/ectrode

Scheme 2.2 Mediated oxidation of GSH

In the light of such evidence and aided by digital simulations, we proposed the concerted
reaction GSH + B + IrClg” = GS™ + BH" + IrCl¢® , including some contribution from the

stepwise pathway, to be the RDS. The buffers studied had pK; < pKasy in the range of pH 5.0 to
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7.0. * ° In this work, we extended this investigation by comparing several oxidants of varying
redox potentials (Em°’), which were generated electrochemically and acted as mediators (M* =
Mo(CN)s, IrCl®, Fe(bpy)s®*, Fe(phen)s®") to oxidize GSH (Scheme 2.2). The comparison also
included buffers of pK, above and below pK,sy in the range of pH 4.76 to 10.0. Because GSH
does not react directly at the electrode but primarily with M* through ET mediation (Scheme 2.2),
the kinetics of the reaction can be easily extracted from digital simulations of experimental cyclic

voltammograms.
2.3 Experimental Section
2.3.1 Reagents and Materials

L-Glutathione  reduced (L-GSH, Sigma-Aldrich, >  98.0%), potassium
octacyanomolybdate(lV) hydrate (K4Mo(CN)g, Aldrich, 99.99%), sodium chloride (NaCl, Fluka,
> 99.999%), sodium phosphate dibasic (Na;HPO,, Fluka, 99.999%), sodium phosphate
monobasic (NaH,PO,, Fluka, 99.999%), sodium acetate (CH3COONa, Fluka, 99.999%), sodium
hydroxide ( NaOH, Aldrich, 99.9%), hydrochloric acid ( HCI, Fisher Scientific, 37.5%),
deuterium oxide (D,0, Acros Organics, 99.8 atom % D), sodium deuteroxide (NaOD, Aldrich,
40 wt. % solution in D0, 99+ atom % D), deuterium chloride (DCI, Aldrich, 35 wt. % solution
in D,0, 99 atom % D), and potassium dideuterium phosphate (KD,PO,, Aldrich, 98 atom % D)
were all used as supplied without further purification. Tris(1,10-phenantroline) iron (II) sulfate
(Fe(phen)sSO,) was synthesized according to reported literature procedures.’” Deionized water
(DI) with a resistivity of 18.2 MQ cm was purified with a Millipore ultrapure water purification

system (Billerica, MA) and used to prepare all aqueous solutions. The pH of all solutions was

measured with a Fisher Science Education pH meter (pH/lon 510), calibrated with pH 7.00
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0.01, 4.00 + 0.01, 10.00 + 0.01 buffers (RICCA Chemical Company, Arlington, TX). The
Henderson-Hasselbalch equation was used to calculate the concentration of buffer components.
The desired pH was adjusted using diluted NaOH and/or HCI. For deuterated experiments,
deuterated phosphate buffer solutions were prepared by mixing KD,PO, and D,O. Diluted
NaOD and DCI were used to attain the desired pD. The formula pD = pH + 0.4 was used to

convert the measured pH by pH meter (pH/lon 510) to pD.®
2.3.2 Electrochemical Methods

All cyclic voltammetry experiments were performed in a 10 mL glass cell using a
potentiostat (CH Instruments, Austin, TX), and a three-electrode cell equipped with a glassy
carbon (GC) working electrode (area = 0.07 cm?), a Pt-wire counter electrode, and Ag/AgClI
reference electrode (1.0 M NaCl). Cyclic voltammograms (CV’s) were recorded by monitoring
the system responses. All solutions were deaerated with nitrogen for 15 minutes before
measurements and with headroom deoxygenation continued throughout the experiments. The GC
electrode was polished with a mixture of 0.05 um alumina and DI water over a Buehler cleaning
pad (Lake Bluff, Illinois), and rinsed with DI water before experiments. The reference electrode
Ag/AgCI and the counter electrode Pt-wire were purchased from CH Instruments (Austin, TX).
Working solutions contained a mixture of the metal and GSH dissolved in 10.00 mL of x M
aqueous buffer, adding NaCl to maintain an ionic strength of 1.0 M. Such a high concentration of
supporting electrolyte was used to mitigate double layer effects (Debye length™ for 1.0 M is 3.0
Z\),lg and minimize the influence on activity coefficients, by maintaining a high baseline of ionic
strength. All rate constants in this work are apparent (not corrected for double layer effects),
however the impact from reactant additions (< 10% of 1.0 M) in kinetic measurements, was

expected to be small and constant because in some cases the effect is systematic, as with ions of
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similar charge (Mo(CN)s® and IrCls® or Fe(bpy)s** and Fe(phen)s**). In sequence, a background
scan of the buffer was collected first, a scan of the buffer with metal complex, and then a scan of
buffer with metal complex and L-GSH. All the CV’s were background subtracted and recorded

at room temperature (~23 = 1 °C) with an inert atmosphere during experiments.

2.3.3 Digital Simulation

Digital simulations were performed using DigiSim™ version 3.03 (Bioanalytical Systems,
Inc., West Lafayette, IN). Tables 1 and 2 show the mechanisms that were entered in Digisim™™.*°
The key parameters that mattered the most to match the electrochemical peak potentials and
currents in the experimental CV’s are also listed on the Tables and a corresponding description
of their source is presented below. However, all thermodynamic, kinetic and diffusion constants
used for simulations are listed in Appendix as supporting information. Initially, unknown
equilibrium and rate-constants (i.e. K4, Ks and Kops, Ks3, ks, ks in Table 2.1) were allowed to vary
iteratively while keeping one of them constant at a time, until a close match to the experimental
CV was obtained. This procedure continued until a satisfying agreement of peak potentials and
currents with the experimental CV was attained and was consistent at all the scan rates probed.
For a particular buffer-mediator-GSH combination, CV’s at five scan rates from 0.1 to 1.0 V s,
were recorded and the fitted parameters were reported as averages with variations at each scan
rate reported as standard deviations. The diffusion coefficient for GSH (Dgsy) in D,O was
measured by Pulsed Gradient Echo experiments on a Varian Inova 400 MHz NMR at 25 °C as
done previously.™ ?° The average Dgsh after correction for viscosity was 5.13 + 0.05 x 10 ¢cm?
st and the same value was used for GS™ and GS". Values for Dy", determined from fitted

CV’s of the pure mediator were comparable to those found in the literature.?* 2 23 24
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Table 2.1 Concerted mechanism

Eq. Reaction Parameter
1 M=M"+¢ E1®’, Ks1, Dm
2 (GSH + B) + M" =M + (GS"+ BH") Kobs, Dash, Koz
3 GSH=GSH" +¢ Ks3, E3®’
4 GS + GS =GSSG Ky, Kis
5 GS +M"=M + GS* Ks, kis
6 M* =P Ke, Krs

Table 2.2 Stepwise mechanism

Eq. Reaction Parameter
2a GSH+B=BH"+GS Koa, kppa

2b GS +M'=M+GS Kab, Kfan, DasH
3a GS' =GS' +¢ ky3a, B3

2.4 Results and Discussion

2.4.1 Mechanistic pathways

For the concerted mechanism, the six reactions listed in Table 2.1 were considered.
Reaction 1 is the oxidation of mediator M at the electrode with electrochemical parameters, E;°’
(standard redox potential) and ks; (heterogeneous rate-constant), which were determined from
fitted experimental CV’s of M solution under the corresponding conditions. Reaction 2
represents the concerted homogeneous oxidation of GSH by the electrogenerated mediator M.

The rate-constant in the forward direction of reaction 2, was regarded as kqps = kg [B] (depending
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on buffer concentration and pH), and kg is the forward rate-constant for the concerted reaction
with respect to B. Therefore, each fitted CV provided a value of kq,s for a particular ratio of
[BJ/[BH™]. Given that, at 25 °C K = 10"87%%° K, was calculated from E,°’ by Digisim™ once

E;°’ and E3°’ were entered.

Eopp(GS*, HY/GS™) = E"(GS*/GS™) +0.059log (1 + ) Equation 2.7

H
KasH

The values of E3°’ at different pH values were calculated using Equation 2.7, as
reported by Madej,”® who showed that in buffered solution, the apparent redox reduction
potential (E°,pp) for GS',H'/GSH, follows a pH Nernstian behavior with an approximate slope
of ~0.06 V/ pH-unit in the pH range 3.0 to 8.0. This slope becomes 0 V/ pH-unit above pH
~10.0 when all functional groups in GSH are deprotonated and then E°,,, = E°(GS'/ GS™). We
used pKasy = 8.7 and E°(GS'/GS") = 0.8 V vs NHE (0.58 V vs Ag/AgCl), which were the
values employed by Madej as well.® Reaction 3 is the electrochemical oxidation of GSH
directly at the electrode, which made a marginal contribution to the current and was added in
some cases because, although control experiments showed no voltammetric peaks, modest
amounts of current were still detected in pure GSH solution. Reaction 4 is the radical
dimerization where GSSG denotes the dimer. Reaction 5 accounts for parallel oxidation
pathways of the thiyl radical to produce “overoxidation” species (G*) with higher oxidation
states of sulfur.”® 2’ This reaction has been reported to occur when thiols are oxidized by metal
complexes. % 2’ Reaction 6, in which P represents degradation products, takes into account low
yield decomposition of the metal complexes used as mediators in this study.? ?* The parameters
for reaction 6 were estimated from fitted CV’s of the mediator solutions under the

corresponding conditions.
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Table 2.2 shows the PT-ET steps that replaced concerted reaction 2 in Table 2.1. The
equilibrium constant K, was calculated with pK, values for GSH and BH", but ke, was allowed
to be fit. Equilibrium constant K, was automatically set by DigiSim™ once the values of E;°’
and E,*>” were entered. For reaction 3a, E3,°” (GS/GS’) was set to the value reported by

Madej.? The rest of the reactions were 1, 4, 5, and 6 in Table 2.1.
2.4.2 Experimental results simulated with concerted mechanism

Best fits to experimental cyclic voltammograms (CV’s) in the range of pH values below
PKash (8.7) were obtained with the reactions of the concerted mechanism listed in Table 2.1,
with Reaction 2 being the concerted RDS followed by the fast dimerization of the thiyl radical

(Reaction 4, Table 2.1).

In addition to the fact that self-annihilation reactions of sulfur radicals are known to be
diffusion controlled,”® other studies have revealed that production of the thiyl radical in Reaction
2 (Table 2.1) is also the RDS for chemical oxidations of GSH by IrCl¢* and other inorganic
oxidants.?® Parallel pathways of GS' leading to products of higher oxidation states of sulfur
(Reaction 5, Table 2.1), sometimes dubbed as overoxidation, do not invalidate this kinetic model,
because the overall kinetics is still controlled by the rate of the RDS. Therefore, a rate law for the

oxidation of GSH can be given by Equation 2.8 or 2.9:%° 0

Rate = kg[B][GSH]|[M*] Equation 2.8
Rate = k,psg[GSH][M*] Equation 2.9

where kg is the forward rate constant related to B in the proposed concerted RDS and Kqpsg IS the

observed rate constant dependent on [B], kopss = kg[B], that is estimated from the experimental
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CV’s at different pH values (B/BH" ratios) and/or buffer concentration. The analysis however,
should also incorporate other species in the system that can act as proton acceptors, such as water
(w), hydroxide ions (OH"), and even BH".*® Therefore, the overall kys Should be written as:

There will be as many reactions 2 as bases present in solution, with contributions
depending on their concentration and the pK, of their conjugate acids.** Given that H,O is such a
weak base to deprotonate GSH and that the concentration of OH" at pH < 7.0 is negligible, their
contribution to Equation 2.10 is also very small. For a component B, a plot of kpsg VS [B] is
expected to be linear and kg can be extracted from the slope.*? Previously, we showed that for the
case of phosphate buffer at pH 7.0, such a plot had two linear regions reflecting two slopes that
were attributable to H,PO4 and HPO,%, as a result of the pK, difference for their corresponding
conjugated acids.*® Because of the complication when simulating Reaction 2 with several bases,
we only considered one B term in Equation 2.10, which in the end did not change the

interpretation of the results.
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Figure 2.1. Experimental (solid line) and simulated (circles) CV’s of 1.00 mM GSH + 1.00 mM
Mo(CN)g*, in the presence of 50.0 mM phosphate buffer at pH 4.76 (A) and 10.0 (B), 1.0 M
NaCl (0.1Vst).

10
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Figure 2.2 Experimental (solid line) and simulated (circles) CV’s of 1.00 mM pure Fe(phen)32+
(A), 1.00 MM GSH + 1.00 mM Fe(phen);SO, (B), in 50.0 mM phosphate buffer at pH 4.76, 1.0
M NaCl. Scan rate = 0.1 V s™.

Figures 2.1 and 2.2 show CV’s recorded for the mediated oxidation of GSH by two
electrogenerated oxidants, M*, with increasing oxidizing strength at 0.05 M concentration of
phosphate buffer at pH 4.76. Each figure displays a CV of the pure mediator M along with a CV
for the equimolar (0.001 M) mixture of GSH and M. The superimposed circles represent fitted
simulations following the mechanism outlined in Table 2.1. In the forward scan starting at 0.3 V
vs Ag/AgCl, the CV’s for pure M showed an anodic peak from the oxidation of M to M,
whereas the reduction of M* back to M appeared as a cathodic peak in the reverse scan. The

symmetrical shape of the CV for the pure mediators in each panel confirms that the reversible
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conversion M < M* was unperturbed and that neither species, M or M, participated in the
solution reactions. In contrast, when GSH was added to M solutions, the scenario was drastically
altered and the electrogenerated M™ reacted with GSH (Scheme 2.2) making the peak in the
cathodic scan decrease and disappear. At the same time, the extra M produced by way of M”
reacting with GSH, causes an increase in the anodic oxidation peak (Scheme 2.2). All the CV
shapes shown throughout this paper are well-documented cases of electrochemical mediation,*®
%2 in which the reaction between generated oxidant M* and a marginally electroactive substrate
(GSH) is the RDS in a subsequent complex mechanism in solution. In fact, such an approach is
often used to measure the kinetic reactivity of substrates of interest with standard reversible
mediators because the speed of the two-way conversion M < M* can be externally controlled
with the voltammetric scan rate.** Additionally, the rate constant for the reaction between the
substrate and M* can be estimated from the electrochemical current if the CV shape matches one
of the two landmark conditions on the kinetic zone diagram established for this case.*® Three
major zones have been identified, the first one being the extreme scenario with no mediation in
which the CV looks exactly like for pure M even after adding substrate.*® The second and third
zones involve slow and fast kinetics, respectively, for the RDS in relation to the subsequent
reaction path. For either zone, the CV response is a function of two dimensionless parameters,
one is the kinetic factor A, which at 298 K is 0.02569(kCw°/v), where k is the rate constant of the
reaction (Kopss, GSH-M"), v is the scan rate in V/s, and Cy° is the bulk concentration of M.** The
second parameter is the excess factor y = Cgsy®/Cm°, which accounts for which bulk
concentration is in excess.*? Typically one sets experimental conditions by manipulating Cy°,
Cssh® and v, so that A and vy, to produce one of the landmark CV shapes and a representative

equation to estimate k (konss). However digital simulations allow the same estimate under any
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condition (see below)."™ Therefore, the CV shape is a quick diagnostic for determining kinetic
effects. Accordingly, the cathodic peak current disappeared when going from Mo(CN)g® to

Fe(phen)s®* , as shown in Figures 2.1 and 2.2. This is a sign of rate increase. In this
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Figure 2.3. Experimental (solid line) and simulated (open circles) CV response for GSH (3.00
mM) + KslrClg (1.00 mM ) in acetate buffer pH = pK,=4.76.

situation, the participation of the base in the proposed concerted RDS is verified by slowing
down the reaction between GSH and M* with dilute buffer, so that the electrochemical

conversion M < MY ends up outrunning the oxidation of GSH and the cathodic peak of M
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reappears at high scan rates. This result was observed with IrClg® in the presence of several

dilute buffers with various scan rates (Figure 2.3)."

< Acetate pH 4.76

lGsH

APhosphate pH 4.76

\ \ \
0 50 100 150 200 250 300

Buffer/M

Figure 2.4 Igsy (0.5 Vs™) for GSH (3.00 mM) + K3lIrClg (1.00 mM ) at different concentration of
phosphate buffer (99.4% H,PO,, pK;=2.12) and acetate buffer (50.1% CH3CO,", pK,=4.76) at
pH 4.76.

Figure 2.4 shows the normalized current (Igsy) of the mediated oxidation of GSH by
IrCls® in two buffer systems. To illustrate the comparison, the GSH and M concentrations were

maintained constant and the pH of the solutions was set to the same value, 4.76. The lgsy, is

defined as (IMI'M - 1), where ly.gsH is the oxidation peak current for the mixture of mediator (M)
M

and GSH and Iy, is the oxidation peak current for pure M.™ The parameter lgsy has no units but
expresses the increase in the GSH oxidation with respect to the current for the mediator alone.
The lIgsy for the acetate buffer showed a steeper rise and a higher plateau value than that of the
phosphate buffer solutions, indicating an acceleration of the oxidation rate as buffer pK,
increased (pKa pspoamzros- = 2.12, pKa chscoonicHaco- = 4.76). When the buffer concentration

was maintained constant at 0.3 M, the simulated forward rate constant for the mediated oxidation
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of GSH in acetate buffer was (7 + 2) x 10° M*s™, which is larger than that with phosphate buffer
(4.7 £0.2) x M*s™ . In summary, all figures 2.1, 2.2, 2.3 and 2.4, illustrate an acceleration in the

oxidation rate of GSH caused by increasing Ey°” and buffer pKa.

Table 2.3, obtained previously by our research group, exhibits the values for Kops
estimated from simulations using the concerted mechanism in Table 2.1 for selected mediators
and buffers. It appears that Kops, is ultimately dictated by the interplay between Ey°’ and pKa.
This effect can be conveyed more quantitatively by examining the Bronsted plots in Figure 2.5,
which are graphical representations of the log of koys versus the pK, given by the empirical
relationship in Equation 2.11.% 3! In this case P is the Bronsted slope; C is a constant with no

physical
logk = fpK, +logC Equation 2.11

meaning and k is the reaction rate-constant, which is usually replaced by kops. *° ' After linear
regression, the values of B were 0.42 + 0.02 for Mo(CN)g®, 0.69 + 0.05 for IrCl¢*, and 0.92 +
0.05 for Fe(phen)s®*, indicating that B gradually increases as the oxidant strength of the mediator
intensifies. Accordingly, when the malic buffer is replaced by phosphate, entailing a 2 unit pK,
increase, there is a 7-fold rise in kops for the oxidation with Mo(CN)g®. However, for IrClg* and
Fe(phen)s**, the increase is 30 and 90-fold, respectively. Therefore, the higher the value of B, the
greater the increase in Kqps per unit of pK, and the more effective is B at enhancing the oxidation
of GSH. For organic reactions that involve PT in their mechanism, typical values of § range from
0 to 1, and its magnitude is interpreted as the extent of the PT in the transition state of the
reaction. ** *'Thus, a value of 1 signals that B has completely deprotonated the substrate (GSH)

at the transition state, while O denotes no deprotonation. Consequently, intermediate values of 8
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between 0 and 1 reflect intermediate degrees of PT at the transition state. ** *Using this analysis

and examining the Bronsted slopes in Figure 2.5, it can be asserted that IrClg” is the oxidant that

Table 2.3 Apparent values of kqps as a function of pK; and E*’

Mo(CN)g™ IrClg* Fe(phen)s>*
E>/IV 0.583 + 0.003 0.730 + 0.006 0.827 + 0.002
pKa kobs/ M-l S-l
5.1 1.1+0.1x10° 5.0+0.2x 10° 1.10 £ 0.01 x 10°
5.6 1.6+0.2x 10° 1.3+0.1 x 10* 46+0.1x10°
6.2 3.2+0.5x10° 4.1+0.5x10 1.3+0.1x 10°
6.5 46+02x10° 3.7+0.5x10* 3.0+0.2x10°
7.2 7.7+0.4x10° 15+02x10° 9.8+ 0.6 x 10°
8.0
7.0 } Hisﬁdilillosl'h?"e Fe(phen);**
o Maleic Slﬂope =0.92 £ 0.08
6.0 C Succinic R*=0.9903
§ P M Citrate IrCl“‘:-
= 50 . Slope = 0.69 = 0.05
:af r o R2 = 0.9851
4.0 - Histidine Mo((‘N)sj"
r Mﬂ.u £0.02
3.0 R? = 0.9895
2.0 . | | | L | 1
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Figure 2.5 Bronsted plots for different mediators

Has the most concerted character in the transition state, whereas Mo(CN)g> and Fe(phen)s®*

produce ones with less participation of the concerted pathway. In congruence with this

perspective, concerted character contributions have been assigned to base-catalysed nucleophilic

reactions that show Bronsted slopes between 0.2-0.8.%% 3¢

2.4.3 Interplay of PT and ET
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Not only does the oxidation rate of GSH increase with the strength of the oxidant in the
normal region of ET, as predicted by Marcus theory,”> but also does it increases when a stronger
base is present as the proton acceptor. Furthermore, there is a reciprocal effect between PT and
ET that boosts the reaction rate, whereby increments in pK, are more effective with a stronger
oxidant and gains in oxidant strength are more efficient in the presence of a stronger base. For
instance, when Mo(CN)s> was replaced with Fe(phen)s®" as the oxidant, k., increased by a
factor of ~1272 in the phosphate buffer but only ~100-fold in the malic buffer. Conversely, when
replacing malic with phosphate as the buffer, k5, increases by a factor of 89.9 for Fe(phen)s®”
and only 7-fold for Mo(CN)s™".

2.4.4 Kinetic isotope effect (KIE) at pK, < pKash

Table 2.4 KIE in phosphate buffer (PB) pD 7.0

kobsH/kobsD
[PB] /M Mo(CN)g* Fe(phen)s®
0.010 2.53+0.30 2.08+0.14
0.050 1.17 £0.10 1.72+0.13

Table 2.4 shows the estimated KIE (Kopsh/Kobsp) Values with two different concentrations
of phosphate buffer (PB) at pD 7.0 using mediators Mo(CN)g®> and Fe(phen)s>*. The KIE values
for both mediators were larger than 1.0 confirming the presence of B in breaking the S-H bond in
the transition state of the RDS.*® The KIE measured at 298 K for the homolysis of a S-H/S-D
bond, whose IR stretches appear at 2524 and 1837 cm™, respectively,®’ should be approximately
5.4. However, if the S-H bond is only partially broken in the transition state or a new bond starts
to form, a KIE that is attenuated from this value can be expected.®® As was found with IrClg”, the

KIE values decline as the buffer concentration is raised.*
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In the case of Mo(CN)g* the KIE went from 2.53 + 0.30 to 1.17 + 0.10 when [PB] was increased
from 0.010 to 0.050 M. This effect can be attributed to the parallel pathway PT-ET becoming

more prominent as the reaction rate becomes zero order in B.
2.4.5 Stepwise mechanism and KIE at pK; > pKssh

The best fits to the experimental CV’s at pH 10.0 of PB occurred with the stepwise
mechanism outlined in Table 2.2, in which the reaction between GSH and M* (Reaction 2) is
split into the basic PT (Reaction 2a) and ET (Reaction 2b) steps. The forward rate constant ks,p is
the stepwise ET rate that will be compared with the kqps 0f the concerted mechanisms. Figure 2.6,
shows the CV’s for the oxidation of GSH in equimolar mixture with M (0.001M) and PB 0.100
M. Only mediators Mo(CN)g> and Fe(phen)s>* were studied because IrClg® exhibited significant
decomposition at pH 10.0. The CV shape for a slow reaction between GSH and M" is evident
with oxidant Mo(CN)g®", which shows a single anodic peak and a cathodic bump on the reverse
scan, revealing the presence of some unreacted M*. When the scan rate was increased to 0.2 /s,
the cathodic peak grew back because additional M* was being freed from the reaction with GSH
because the latter cannot keep up at the imposed scan rate. In contrast, Fe(phen)s** displayed the
split peak characteristic of a rapidly mediated reaction. Moreover, Figure 2.7 shows the addition
of excess GSH, so that the reaction became limited by M* and the CV shape morphed into the S-

shape expected for the kinetic zone when the substrate (GSH) is in excess.*

Table 2.5 Kinetic data for GSH at 0.100 M PB pH 10.0

Oxidant  kpa/M's? ki /M™T ST KIE
Mo(CN)g®  2.0x10° 4.2+0.7x10° 0.44+0.08
Fe(phen);* 2.0x10° 13+04x10° 0.85+0.27
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Table 2.5 shows the simulated values of ki, ki and KIE for experiments at pH
10.0 in PB 0.100 M. The major bases making up the system at this pH are ~0.100 M of
HPO4* (pKa = 12.6) and ~1.0 x10™ M of OH" (pK, = 15.76), therefore GSH is expected
to be in a PT equilibrium with almost complete deprotonation of the thiol and only ~1%
in the SH form. Although, the oxidation rate of GSH with oxidant Mo(CN)g* at pH 10.0,
remained in the same order of magnitude as kqps for pKa < pKasn (Table 2.3), Fe(phen)s**
showed a 43-fold increase with a base that has a pK, of 12.6. The KIE values at pH 10.0
are inverse which due to isotopic substitutions at a site other than the bond breaking site
in the rate determining step of the mediated oxidation of GSH.* The nature of solvent
and GSH interactions may also different by changing H,O to D,O. This can change the
energy of the transition states during PECT reactions of GSH and leads to the reverse KIE
affects, which has been proposed for multistep reactions with fast equilibration preceding
the RDS.* Such is the present case, given the exothermic character of the PT step from
GSH to PO,* (or OH") and the rapid forward rate constant ki, (Table 2.5). Even though,
the high oxidant strength of Fe(phen)s>* could facilitate the presence of the intermediate
GSH™ to allow the ET-PT route, the expected pK, (< -1.74, H30") of the radical cation,
limits this option because of the solvent “leveling effect”, that does not allow an acid

stronger than hydronium ion to exist in water.*
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2.4.6 Thermoneutral condition for concerted character

Figure 2.8 shows a Gibbs free energy plot in which AG*’pr and *PAG* gt with respect to
GSH have been assigned to the cartesian coordinates X and Y, respectively. The plotted data
points correspond to the oxidant-base pairs in Table 2.3, so that each point represents a value of
%PAG* et and AG*’pr calculated (eV) from the equilibrium constants **PKer and Kpr respectively
(Table 2.6). The axes are thermoneutral lines (AG™ = 0), that divide endo- and exothermic
regions of the PT and ET reactions with GSH. Therefore, the five-step change of the buffer pK,
(0.12 eV) from 5.1 to 7.2 in Table 2.3 can easily be visualized for all oxidants given that values
of *PAG”’er with GSH can be taken from the simulations or estimated with Equation 2.7. When
the same exothermic change of 0.12 eV in AG*'pr (Figure 2.8 and Table 2.6), was applied to all
the oxidants, only IrCls> was able to pass through an ET-thermoneutral point. In contrast,
Mo(CN)g* is so far into the ET-endothermic region that, although the imposed AG®’pr moves it
toward the center, its position is still ~0.1 eV away from the closest thermoneutral line. The
oxidant Fe(phen)s**, which is already at exothermic levels of *PAG*’gr, would require weaker
bases to get to the closest thermoneutral line. We postulate here that being at a thermoneutral
point for either ET or PT or being sufficiently close to one is a requirement for rendering partial
or total concerted character to a PCET reaction. In congruence with this assertion, IrClg> is the
mediator with the largest KIE that is most resistant to being reduced by buffer concentration
increments, in contrast to Mo(CN)s> and Fe(phen)s** whose KIE vanish rather quickly under

similar conditions (Table 2.4). The relationship between the magnitude of KIE and AG"’ of a
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Table 2.6. Values of AG™ (¢V) versus GSH with Oxidant-Base Pairs

Buffer AG gt
PKa AG "t Mo(CN)g™ IrClg” Fe(phen)s>*
5.1 0.212871 0.209410 0.062408 -0.034594
5.6 0.183306 0.179924 0.032921 -0.064081
6.2 0.147827 0.144583 -0.002419 -0.099421
6.5 0.130088 0.126963 -0.020039 -0.117041
7.2 0.088696 0.086299 -0.060703 -0.157705

Reaction is clearer when realizing that in a thermoneutral state the H being transferred is in a
symmetrical transition state that is energetically equidistant from the products and reactants,
such that the difference in the zero-point energy between the reactants and the transition state is
maximum for several vibration modes.*® Such a thermoneutral effect has been demonstrated in
KIE studies of simple acid-base chemistry.*® For instance, the deprotonation of nitroethane
(CH3CH,;NO; or CH3CD;NO>) by amines has a maximum KIE when the pK, of the conjugate
acid of the amine base matches the pK, of nitroethane.*® Given the interplay of ET and PT, the
same principle should be operative in PCET reactions. An ET in a thermoneutral transition state
that is also coupled to a PT would place the latter into a partial symmetrical state (respect to ET
only) that would display a sufficient difference in the zero-point energy of the vibrational modes
between the reactants and the transition state that a KIE will be elicited. Consequently, a partial
contribution of the concerted pathway would occur. From this argument, it must follow that the
maximum level of concertedness should be attained when an oxidant-base pair of the appropriate
E* and pK, with respect to GSH would furnish a total coupled thermoneutral state. That is, both
%PAG* et and AG*’pr are equal or very close to zero and the oxidation of GSH will be located at

the center of the coordinates in Figure 2.8. In this ideal condition, the concerted pathway will be
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the dominant contributor to the PCET mechanism, its rate will reach a “concerted limit” value,
and the energetic efficiency of the concerted pathway without intermediates will approach its
theoretical maximum. Based on the slopes and intercepts calculated for the mediators in Figure
2.8, it can be seen that if Mo(CN)g* is paired with a base whose conjugate acid has a pK, close
to pKasn (~8.7), the reaction will intercept the vertical thermoneutral axis just 0.0019 eV from
the center. Such a base will confer the highest degree of concerted behavior to Mo(CN)g*
because IrCl> and Fe(phen)s** will intercept the same thermoneutral line at points of
exothermic bias towards ET, -0.1489 and -0.2459 eV, respectively. At the thermoneutral point
for PT, the KIE for Mo(CN)g® is expected to be higher than for IrCl¢* and Fe(phen)s**.

The aforementioned interpretation generally supports the notion of a “sweet spot” for

% including evidence for it.*?

concerted mechanisms of PCET, which has been noted before,’
Most importantly, the predictive power of this analysis relies purely on considerations of the pK,
and E°* for the species involved, including E°’-pH profiles (Pourbaix plots or the like). If this
interpretation is true and can be verified with other systems, it will be useful in the design of

catalysts for the different energy harvesting technologies that depend on PCET. We will be

addressing some of the predictions made above in upcoming reports.
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Figure 2.8 Values of AG*’ (eV) for Oxidant-Base Pairs in Table 2.6

2.5 Conclusions

Here we have described the oxidation of GSH by various electrogenerated oxidants
in the presence of bases with pK, above and below pK,sy (8.7), so that negative and
positive AG*’p7 could be investigated. Similarly, given that GSH has an apparent redox
potential that depends on the medium pH for values below 10.0, we also selected oxidants
and pH conditions that would render ***AG*’gr above and below zero. The proposed
mechanisms were fitted to digital simulations of experimental cyclic voltammograms
carried out in the pH range 5.0 to 10.0 and at various buffer concentrations. We found that
all the mediators made a partial contribution to the PCET pathways comprising mostly the
PT-ET and the concerted routes with varying values of KIE. The fact that the acidity of
the radical cation GSH™ can be expected to be stronger than that of the hydronium ion,
thus precluding its existence in water, was the reason for not proposing the ET-PT
sequence. For H-isotope effects in identical conditions, the KIE for IrClg® was the highest

and consequently attributed the largest contribution of the concerted pathway in
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comparison to Mo(CN)s® and Fe(phen)s®*". This assignment was explained as arising
because IrClg” is the closest to a thermoneutral point of *PAG°> = 0 for ET with GSH.
Here the rationale lies on the well-documented observation that the highest KIE’s in acid-
base PT are measured when ApK,; = 0. The same principle should operate in PCET
because an ET thermoneutral point will still render a partial upper bound of difference in
zero-point energy for vibrational modes between the reactants and the transition state, so
that a KIE is educed. We took this rationale further to propose that the maximum level of
concerted character for a PCET reaction should occur when PT and ET coincide at a
thermoneutral point or very close to it by virtue of the pK, and E°’ values of the species
involved. In this ideal thermoneutral state, the rate of the concerted pathway should reach
its limit value and attain the maximum thermodynamic efficiency that stems from
avoiding highly charged intermediates. Because our analysis is merely based on easily
measured parameters like pK, E°’, and E°’-pH profiles, if corroborated with other
systems, its predictive power will be useful in designing catalysts for energy harvesting

processes that rely on PCET.
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Chapter 3: Oxidation mechanism of Trolox in aqueous and non-aqueous media using
electrochemistry and UV-vis spectroscopy at variable pH

3.1 Abstract

Electrochemical oxidation of Trolox in aqueous and non-aqueous solutions was
investigated by voltammetric techniques in the presence of supporting electrolytes. The hydroxyl
group at the 6-position of Trolox can be electrochemically oxidized in a -2e7/-H" process to form
the phenoxonium cation. Subsequent chemical reactions of phenoxonium ions are different in the
presence of different nucleophiles. In aqueous solutions at pH 11.91, Trolox immediately forms
the phenolate anion, which can be oxidized in two sequential one-electron steps to form
phenoxonium cation. Phenoxonium cation is stable and can be reduced back to Trolox on the
cyclic voltammetry time scale. However, some of phenoxonium ions react with water to form
electroactive quinone as the final product. Because the quinone can adsorb on the surface of the
working electrode, it could be monitored by voltammetric experiments since it has different
formal electrode potentials from that of Trolox. In acetonitrile at pH 6.81, Trolox can be
electrochemically oxidized by one electron to form the cation radical, which then quickly
dissociates into neutral radical. The phenoxyl radical is further oxidized at the electrode surface
by one electron to form the phenoxonium cation. A cross-conjugated ketone was formed by
simultaneous intramolecular cyclization of the carboxylate to the phenoxonium cation, which
would not happen to analogues with an extended hydrocarbon chain at the 2-position instead of a
carboxyl moiety. With trace water present in acetonitrile, some of phenoxonium cations undergo
hydrolysis reactions to ultimately convert into quinones but in low yields. Cross-conjugated

ketone is the main product for the oxidation of Trolox in non-aqueous solutions. In situ UV-vis
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experiments were performed before and after the bulk electrolysis of Trolox. The band detected
at 291 nm was identical to that of Trolox at approximately neutral pH and the band at 308 nm
was due to the phenolate anion. The appearance of a strong absorption at 269 nm indicated the
presence of quinone. The appearance of a band at 233 nm was identical to that observed in the
UV-vis spectrum of cross-conjugated ketones. The related thermodynamic and Kkinetic
parameters for the proposed reaction mechanism were estimated with the data modeled using

digital simulation techniques.

OH
pK,,=3.89 pK,,=11.92

o

Scheme 3.1. Deprotonated Trolox (TOH)

3.2 Introduction

Natural and synthetic antioxidants have been gaining increasing interest recently since
they play an important role in biological and industrial processes. For example, knowing the
antioxidant content and antioxidant capacity of nutritional components can provide guidance to
diet design and commercial antioxidant-rich products. Numerous antioxidants have frequently
been compared to identify the most potent ones. Several methods are currently used to evaluate
the antioxidative power of various compounds and materials. Trolox Equivalent Antioxidant
Capacity (TEAC) assay, which was originally described by Miller et al., is one of the most
widely used methods.! The measurement procedures of the TEAC assay occurred by two

principal steps. The first step was to generate the ABTS [2,2” — azinobis-(3-ethylbenzothiazoline-
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6-sulfonic acid)] radical cation by activation of metmyoglobin with hydrogen peroxide in the
presence of ABTS. The long-lived blue-green ABTS®" has absorption maxima at wavelengths
645 nm, 734 nm, and 815 nm.? * The second step was to add a certain concentration of the
antioxidant sample to scavenge the ABTS®'. The extent of decolorization as percentage
inhibition of the ABTS®" was related to that of Trolox as a standard and gave the TEAC value of
that antioxidant. This assay has gained wide recognition because it is not expensive and the
procedure is straight forward. Although it has been improved by other researchers and used with

success,* ° 8 " it is also criticized as a result of its limitations.®

Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) is used as a standard
in the TEAC assay (Scheme 3.1). In comparison to a-tocopherol, the most biologically active
and naturally abundant component of vitamin E, Trolox has a carbonyl group at the 2-position
instead of the extended phytyl hydrocarbon chain. The proton-coupled electron transfer reactions
of Trolox are associated with the OH group at the 6-position. Consequently, Trolox is an
analogue of a-tocopherol but is more hydrophilic, which enables the TEAC assay to study both

water-soluble and lipid-soluble antioxidants.

The TEAC assay is a useful tool for evaluating the antioxidant capacity of antioxidants
and ranking them. Despite its advantages, it is reported that the TEAC values of a single
compound or sample differed in various solvents or pH values.> Another impediment of this
assay is that it may not reflect the antioxidant effect of only one structure. The TEAC values
represent the antioxidant power of the parent compound plus the potential antioxidant capacity of
the reaction product(s) because any products with a redox potential lower than that of ABTS®"
may react with this radical.® Therefore, a deeper and more thorough understanding of the

electrochemical reaction mechanisms of Trolox is required. Previous chemical oxidations of
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Trolox were carried out in aqueous solutions and related thermodynamic and kinetic data were
estimated indirectly from pulse-radiolysis measurements.” *° * 2 Malyszko et al. reported
electrochemical experiments of Trolox in water™ (without proposing any mechanism), methanol
and ethanol,* and acetic acid™ (proposed similar oxidation mechanisms) but without identifying
any generated oxidized forms of Trolox. Webster et al. studied the electrochemical oxidation of
a-tocopherol with a combination of electrochemical and spectroscopic experiments.’® ” They
demonstrated that the intermediate phenoxonium cation is long-lived in dry organic solvents but
quickly reacts with the trace water to form a hemiketal.'® It is very interesting to compare the
electrochemical properties of Trolox in agueous and nonaqueous solutions and there is still a lack

of information to interpret its oxidation mechanism difference in the two different environments.

In this chapter, the anodic oxidation of Trolox, in 0.5 M NaCl and 0.1 M phosphate
buffer at pH 11.91 and separately in acetonitrile with 0.25 M BusNPFg at pH 6.81 were
investigated. This presented work is focused on comparing the electrochemical behaviors of
Trolox in water and acetonitrile solvents to determine whether they undergo the same
mechanism or not. It was discovered that after the bulk electrolysis of Trolox the final products
in two different environments were different based on the UV-vis spectroscopic characterization
results. The voltammetric data were then simulated by DigiElch software to estimate related

thermodynamic parameters and rate constants for electrochemical reactions of Trolox.
3.3 Experimental Section
3.3.1 Reagents and Materials

Trolox ((x)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid, 97%) and sodium

hydroxide (NaOH, 99.9%) were purchased from Sigma-Aldrich. Tetrabutylammonium

55



hexafluorophosphate(BusNPFg, 99.0%), sodium chloride (NaOH, = 99.999%), sodium

phosphate dibasic (Na;HPO4, 99.999%), and sodium phosphate monobasic (NaH,PQO,4, 99.999%)
were obtained from Fluka. Acetonitrile (ACN, 99.9% for residue analysis) was obtained from
Acros Organics. Hydrochloric acid (HC, 37.5%) was obtained from Fisher Scientific. All
reagents and solvents were used as received without further purification. All aqueous solutions
were prepared from Millipore water (>18.2 MQ.cm, Billerica, MA). Various pH values of buffer
solutions were calculated by the Henderson-Hasselbalch equation. Desired pH values were
adjusted by diluted NaOH and/or HCI and were measured by the Fisher Scientific Education
pH/lon 510 pH meter, calibrated with pH 4.00 + 0.01, 7.00 + 0.01, 10.00 £ 0.01 reference

standard buffers (RICCA chemical company, Arlington, TX) at room temperature.

3.3.2 Electrochemical Methods

All electrochemical experiments were conducted with a CHI 660C potentiostat (CH
Instruments, Austin, TX), a three-electrode regular glass cell, and a Faraday cage. Glassy carbon
(GC, diameter 3.0 mm) and platinum (Pt, diameter 2.0 mm) were used as working electrodes in
aqueous and non-aqueous solutions, respectively. Their surface was polished by a mixture of
0.05 um alumina and Millipore water on a cleaning pad (Lake Bluff, Illinois) and rinsed with
Millipore water before use. Pt wire and Ag/AgCl/ 1.0 M KCI were used as auxiliary and
reference electrodes, respectively, in 0.5 M NaCl solutions containing 0.6 mM Trolox and 0.1 M
phosphate buffer. The potential was scanned from -1.0 V to 0.6 V vs. Ag/AgCIl/ 1.0 M KCI. Ag
wire was used as the quasi-reference electrode in non-aqueous solutions containing 2.1 mM
Trolox and 0.25 M BusNPFg in acetonitrile. The potential was scanned from -0.6 V to 1.3 V vs.
Ag wire. All solutions were freshly prepared with Millipore water and purged with N, prior to

the experiments, and the operating potential window was determined by running blank solutions
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to avoid complicated effects to the system caused by O, and H,O. All cyclic voltammograms
were recorded at various scan rates and background subtracted at room temperature, 23 £ 1 °C.

Bulk electrolysis with coulometry was used to calculate the number of electrons
transferred during the oxidation process and study the products of the Trolox reaction. Bulk
electrolyzed solutions, auxiliary and reference electrodes were the same as those used for
performing cyclic voltammetry experiments. Pt mesh was used as the working electrode. The
solution was simultaneously deoxygenated and stirred using bubbles of N, gas. Faraday’s law,
Equation 3.1, was used to determine the number of electrons transferred during the bulk
oxidation process. Here, Q is the charge passed, in coulombs; n is the number of electrons
transferred; N is the number of moles of the starting compound; F represents the Faraday

constant (96485 C mol™).

n=-— Equation 3.1
3.3.3 UV-Vis Spectroscopic Measurement

UV-Vis spectra of Trolox and related oxidized products were obtained on 8453
spectrophotometer, incorporating a 1-mm pathlength quartz cell (Agilent Technologies). In UV-
Vis measurements; the solvent solutions with supporting electrolytes were used to blank the

spectra.
3.3.4 Digital Simulation

Experimental cyclic voltammograms obtained under different experimental conditions
were simulated using the DigiElch 7 (ElchSoft, Kleinromstedt, Germany) software package,
whose theoretical basis has been described in previous reports.'® % 2! 22 2 The electrochemical

mechanisms depicted in Scheme 3.2 and 3.3 were entered into DigiElch software. Simulations of
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experimental cyclic voltammograms were performed by successively refining related parameters
until the simulated voltammograms closely matched the experimental curves. Simulated
parameters are given in Table 4.1 and Table 4.2. These values matched all the experimental
voltammograms over a range of scan rates in order to obtain optimal kinetic and electrochemical

data.

3.4 Results and Discussion

3.4.1 Electrochemistry and UV-vis spectroscopy of Trolox in aqueous solutions

Figure 3.1 shows multicycled voltammograms of aqueous solutions of 0.6 mM Trolox
recorded on a 3 mm diameter GC electrode at pH 11.91. The potential scale was referred to the
Ag/AgCl reference electrode. The potential range was between -1.0 and 0.6 V and the starting
potential was -1.0 V. A new anodic peak centered at -0.41 V appeared as a second positive-going
scan (blue line in Figure 3.1) only after the first CV cycle (red line in Figure 3.1) had returned to
the beginning point of -1.0 V. The newly appearing anodic peak increased for the first few cycles
and reached a maximum peak current (black line in Figure 3.1). Another anodic peak current
centered at 0.03 V decreased for the first few scan cycles. Observed phenomena suggest that the
first anodic peak (at about -0.41 V) came from the oxidized forms of Trolox. The product(s) from
the oxidation process of Trolox adsorbed on the surface of the working electrode and blocked the

active surface of GC, resulting in a decrease of the second anodic peak current (at about 0.03 V).
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Figure 3.1 Cyclic voltammograms of 0.6 mM Trolox in 0.5 M NaCl with 0.1 M PB recorded at
a 3 mm diameter GC electrode at pH 11.91 for the first four runs. Scan rate is 0.2 V/s.

To gain more insight into the oxidation mechanism of Trolox in aqueous solutions,
voltammograms with different potential ranges were recorded as shown in Figure 3.2. In Figure
3.1 A, no oxidation and reduction peaks were observed when scanning the potential only
between -1.0 and 0.2 V. This suggests an electron transfer of Trolox to the electrode could not
occur when the applied potential was less than 0.2 V. An extended potential window between -
1.0 to 0.6 V was used to record electrochemical reactions of Trolox within the same solutions.
The voltammogram shows an oxidation process with an anodic peak at approximately 0.03 V,
and a reverse reduction process with two cathodic peaks centered at approximately -0.025 and -
0.45 when the scan direction was switched, as given in Figure 3.2 B. The anodic peak is
associated with the -2e/-H' proton-coupled electron transfer process of Trolox to form a

. . 12, 14-15, 24
phenoxonium cation (Scheme 3.2).'% 1>

A new anodic peak at approximately -0.41 V
appeared due to the electroactive product generated from decomposition reactions of the
oxidized form of Trolox, and ultimately converted into quinone.”” *® * The quinones are

electroactive and adsorbed on the surface of the GC electrode. The voltammetric peaks in Figure
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3.2 D are associated with electrochemical reactions between quinone and hydroquinone. After
polishing the surface of the GC working electrode, no redox reaction was detected within the
potential window between -1.0 to 0.2 V as shown in Figure 3.2 E. The reverse reductive peak
detected at approximately -0.025 V suggests the existence of phenoxonium cations (TO"). The
lifetime of TO" was investigated by observing the reverse reductive peak at various scan rates
(Figure 3.3). At a scan rate of 0.1 V/s, the first reductive peak current at about 0.025 V was
smaller than the second reductive peak current at approximately -0.45 V. At a scan rate of 2 V/s,
the first reductive peak current was much higher than that of the second reductive peak when the
scan direction was reversed. This implies the phenoxonium cation of Trolox is stable in aqueous
solution for at least several minutes and its peak current increases in size as the scan rate is

increased.

The electrochemical responses observed for Trolox in Figure 3.2 can be interpreted based
on the mechanism in Scheme 3.2. At pH 11.91, TOH immediately forms the phenolate anion
(TO"), which can be oxidized in two sequential one-electron steps to form phenoxyl radical

(TO®) and TO". When the scan direction is reversed, the reductive peak at about -0.025 V is

- 0 . -
Iy " 1 = i Ee +H, O/ H* "o !
-H -le -le. +2¢
+H +le +1e -H,OM+H* -2e .
O K Ocr K O Ko kf(Z) K e
Ko . . . OH
TOH W Tflj _ TIO _ TO TOQ(OH) TOQ(OH)>
+1e - - -le km) kf(s)
K Kie Ko Keqa) K Keqs) "
_ o b(4) 0(5)
Disproportionation P, P,
Products Products

Scheme 3.2 Electrochemical oxidation mechanism of Trolox in water at pH 11.91 used in digital
simulations. The homogeneous chemical equilibrium, forward rate and backward rate constants,

and heterogeneous electron transfer values are given in Table 4.1. R = COO.
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Figure 3.2 Cyclic voltammograms of 0.6 mM Trolox in 0.5 M NaCl with 0.1 M PB recorded at a
3 mm diameter GC electrode at pH 11.91. Scan rate is 0.2 V/s. (A: scan -1.0—0.2— -1.0 V, B:
first time scan -1.0—0.6— -1.0 V, C: fourth time scan -1.0—0.6— -1.0 V, D: before polishing
the electrode -1.0—0.2— -1.0 V, E: after polishing the electrode -1.0—0.2— -1.0 V.) B, C, and
D are voltammograms after the background subtraction. A and E are curves with the background
current.



associated with the reverse reaction to regenerate the starting phenol (TOH). The TO® has a short
lifetime in this condition and could not be detected by UV-vis spectroscopy and electrochemical

experiments. The phenoxyl radicals can be consumed by a heterogeneous electron transfer

process to form TO', or homogeneous disproportionation reaction.”® %’ Some of the TO"

undergoes a hydrolysis reaction to form hemiketal, and ultimately form an electroactive

12,28

quinone. TO" and quinone can be differentiated by voltammetric methods because they have

different formal potentials and long lifetimes.
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Figure 3.3 Cyclic voltammograms with various scan rates of 0.6 mM Trolox in 0.5 M NaCl with
0.1 M PB recorded at a 3 mm diameter GC electrode at pH 11.91. Scan rates are 0.1, 0.2, 0.5, 1,
2 V/s.

Bulk electrolysis experiments were performed to gain more mechanistic information for
the oxidation of Trolox. As shown in Figure 3.4, the black line represents the voltammetric curve
of Trolox before bulk electrolysis. The red line is the CV obtained after the electrolysis reaction

occurred for 800 s. The blue line shows the CV after 1600 s bulk electrolysis. The oxidation and

reduction peaks at potentials -0.025 and 0.03 V decreased as the electrolysis time increased

62



because the applied potential 0.2 V was positive enough to oxidize Trolox and because the
concentration of Trolox in the bulk solution decreased. The redox peaks at potentials -0.41 and -
0.45 V increased with a longer electrolysis time. The experimental data of bulk electrolysis
experiments confirmed that the phenoxonium cation is relatively long-lived. Some of the TO"
was reduced back to the starting material and led to a relatively small cathodic peak at -0.025 V.
Some of the TO" decomposed and reacted with water to form quinone. The redox peaks at -0.4
to -0.5 V were due to the secondary reaction products as shown in Scheme 3.2. The secondary
reaction products were electroactive and showed redox peaks at potentials around -0.42 V,
indicating that the oxidized products are long-lived. The number of electrons transferred in the
oxidation process of Trolox was calculated to be 1.86 based on the charge obtained during the
1.5 hours of bulk electrolysis, which agrees with previous literature results.***> Additional small
peaks at about -0.06 and -1.0 V appeared after exhaustive oxidative electrolysis. This suggests
that several different kinds of species were formed associated with the decomposition reaction of
phenoxonium ions. The exact structures of the oxidized forms of Trolox are still not clear
because it is difficult to isolate them from the solution. VVarious secondary reaction products were
formed which may be because phenoxonium cations have resonance structures and are captured
by different nucleophiles to form different chromanones and quinones.?>%" %

UV-vis spectra obtained during the bulk electrolysis of 1.0 mM Trolox at room
temperature are shown in Figure 3.5. The intermediates TO" and TO® in water were not detected
by the UV-vis experiments because TO® is unstable and was further oxidized to TO"; and the
instability of TO* was due to an immediate hydrolysis reaction at room temperature.”** The
spectrum of the Trolox solution at pH 11.91 in a prior bulk electrolysis experiment showed an

absorbance at 308 nm and was attributed to the phenolate anion TO™ (black in Figure 3.5).2% %
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When a potential of -0.2 VV was applied to the Trolox solution for 600 s, a spectrum with the
same band position and similar intensity absorbance was obtained because -0.2 V is not positive
enough to oxidize TO™, as shown in Figure 3.5 (open circles). Applying a potential 0.2 V for 600
s, which is sufficiently positive to oxidize Trolox led to the appearance of a band at 269 nm
(Figure 3.5 solid circles). The product quinone (Scheme 3.2) is characterized by the appearance

of a strong absorption at 269 nm.** 2%
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Figure 3.4 Cyclic voltammograms of 1.0 mM Trolox in 0.5 M NaCl with 0.1 M PB recorded
at a 3 mm diameter GC electrode at pH 11.91 with different electrolysis times (0s, 800s,
1600s, respectively). Scan rate is 0.5 V/s. The applied potential is at 0.2 V.
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Figure 3.5 UV-vis spectra obtained with 1.0 mM Trolox in 0.5 M NaCl with 0.1 M PB at pH

11.91; prior to the bulk oxidation of Trolox (black line); after the oxidation of Trolox over 600s
at -0.2V (open circles); after the oxidation of Trolox over 600s at 0.2 V (solid circles).

3.4.2 Electrochemistry and UV-vis spectroscopy of Trolox in nonagueous solutions

Cyclic voltammograms of Trolox in acetonitrile with 0.25 M Bu NPF at pH 6.81 were

obtained as shown in Figure 3.6. The curve in Figure 3.6 A was different from those in Figure
3.1 because different solvents affect the shapes of the voltammetric curves. The proposed
oxidation mechanism of Trolox in acetonitrile shown in Scheme 3.3 was slightly different from

the proposed mechanism of Trolox in aqueous solutions shown in Scheme 3.2.

Figure 3.6 B shows the cyclic voltammogram of 2.1 mM Trolox in acetonitrile
(containing 0.25 M BusNPFg as a supporting electrolyte) at a scan rate of 0.2 V/s recorded at a 2
mm diameter Pt working electrode. The CV shows an oxidative peak at approximately 0.90 V vs.
Ag/AgCIl and a reverse reductive peak at approximately -0.10 V vs. Ag/AgCl. The forward

process is due to the two-electron oxidation of Trolox and the reverse reductive peak is
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associated with the reduction reaction of quinone (TOQ(OH)) according to the mechanism in

Scheme 3.3.
. o o o
oH E0 O Kooy o E% Kegez) E)
e H -le +H,0/-H* _t2e
- - +le T~ O -2e o
coo" K5 coo Kiq coo @ 4 f2) TO%H(OH) @ OH
TOH TOH*  ky  TO® IM kg ) TOQ(OH)
Intermediate K ft4) K| K
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1 +le | e A o b(®)
Kaem ki ke Py P2
Products Products

Disproportionation

Scheme 3.3 Electrochemical oxidation mechanism of Trolox in acetonitrile at pH 6.81 used in
digital simulations. The homogeneous chemical equilibrium, forward rate and backward rate
constants, and heterogeneous electron transfer values are given in Table 4.2.

The reductive peak at about -0.10 V can only be detected after the first cyclic
voltammogram cycle has been returned to the starting point because no Faraday current was
observed in the potential range between -0.6 V and 0.4 V (Figure 3.6 A). No new peak appeared
after multicycled voltammograms in an extended potential window between -0.6 V and 1.3 V
(Figure 3.6 C). None of the starting materials, intermediates and products were adsorbed on the
surface of the working electrode as shown in Figure 3.6 D and Figure 3.6 E, a finding which is

different from that of Trolox in aqueous solutions.

Since the reverse reductive peak is widely separated from the forward oxidative peak
(AEp = 1.0 V), we propose that the reverse peak at about -0.1 V was not generated from the
reduction of phenoxonium cation (TO"). The digital simulation data as described later also
confirmed our proposed mechanism as given in Scheme 3.3. Bulk electrolysis and UV-vis

spectroscopy experiments were performed to gain more information for the oxidation mechanism
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of Trolox in acetonitrile. In Figure 3.7, the oxidative peak at about 0.90 V disappeared after the
bulk electrolysis process for 1200 s, since the applied potential 1.2 V was sufficiently positive to
completely oxidize the Trolox. When a potential of 0.4 V was applied to electrolyze Trolox
solution for 600s, the components of the solution stayed the same because 0.4 V is not positive
enough to oxidize Trolox. The UV-vis spectrum of the 0.1 mM Trolox solution prior to the bulk
electrolysis (black line) is almost the same as the spectrum of the same solution after 600 s
electrolysis applying a potential of 0.4 V (open circles), as given in Figure 3.8. Trolox is
characterized by the strong absorption at 291 nm which agrees with previously published
reports.?* 2 % Bulk electrolysis experiments can provide information about the oxidized
compounds with a longer lifetime (minutes). Cyclic voltammetry experiments can gain
mechanistic information about oxidized and reduced species that are stable at least on the time
scale of the CV experiment (second).? After the bulk electrolysis of the same Trolox solution
(applying a potential of 1.2 V), the reductive peak at approximately -0.1 V disappeared and a
strong absorbance at 233 nm and a weak absorbance at 270 nm were observed. The new band at
233 nm is due to the cross-conjugated ketone as shown in Figure 3.8 and this intermediate is not
electroactive as confirmed by other research groups.® % ®? The disappearance of the reductive
peak was due to the slow transformation of cross-conjugated ketone into quinone as described in
Scheme 3.3. At pH 6.81, Trolox is oxidized by one electron to form the cation radical (TOH®"),
which quickly dissociates into TO® and H*. TO® is further oxidized to form a phenoxonium
cation (TO").* Surprisingly, TO" has a short lifetime in this environmental condition and
immediately converts into the cross-conjugated ketone by intramolecular cyclization of the
carboxylate to the resonance of TO*.? The cross-conjugated ketone undergoes a slow hydrolysis

to form quinone.® * With low levels of water in acetonitrile, the generated
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Figure 3.6 Cyclic voltammograms of 2.1 mM Trolox in CH,CN with 0.25 M Bu JNPF recorded

at a 2 mm diameter Pt electrode at pH 6.81. Scan rate is 0.2 V/s. (A: scan -0.6—0.4— -0.6 V, B:
first time scan -0.6—1.3— -0.6 V, C: fourth time scan -0.6—1.3— -0.6 V, D: before polishing
the electrode -0.6—0.4— -0.6 V, E: after polishing the electrode -0.6—0.4— -0.6 V.)
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Figure 3.7 Cyclic voltammograms of 2.1 mM Trolox in CH,CN with 0.25 M Bu JNPF, recorded
at a 2 mm diameter Pt electrode at pH 6.81 before and after bulk electrolysis at 1.2 V. Scan rate is

0.2 V/s.
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Figure 3.8 UV-vis spectra obtained during the bulk oxidation of 0.1 mM Trolox in CH ,CN with
0.25M Bu ,NPF at pH 6.81; prior to the bulk oxidation of Trolox (black line), after the oxidation
of Trolox by 600s at 0.4V (open circles), after the oxidation of Trolox by 600s at 1.2V (solid

circles).
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quinone was found in extremely low yields, leading to the weak absorbance intensity at 270 nm
and the disappearance of the reductive peak at approximately -0.10 V after the bulk electrolysis

of Trolox.

3.4.3 Digital simulation of experimental voltammograms of Trolox in aqueous and

nonaqueous solutions

Digital simulations of the experimental CV data were performed to estimate the
thermodynamic and kinetic parameters for the electrochemical oxidation of Trolox. The
simulations were based on the mechanisms described in Scheme 3.2 and 3.3. At pH 11.91,
Trolox was deprotonated, followed by two successive one-electron transfer reactions to form
phenoxonium cations.** # As shown in Figure 3.9, when the scan rate was progressively
increased, the peak associated with the reduction of phenoxonium cations at approximately -
0.025 V increased in size. Because the hydrolysis reactions of TO™ were outrun at faster scan
rates, the oxidation peak current of TO" was higher than that of quinones at approximately -0.50
V at a scan rate of 1 V/s. At pH 6.81, the proton transfer and electron transfer reactions of Trolox
undergo a -e’/-H*/-e” process.** # In an organic solvent, the voltammograms of Trolox, as given
in Figure 3.10, are markedly different from those in aqueous solutions. The disappearance of the
reductive peak was related to the chemical instability of phernoxonium cations which are
reactive toward nucleophiles.®® The carboxylate anion at the 2-position of Trolox exhibits strong
nucleophilic properties compared to OH and H,0." * Intramolecular cyclization of the
carboxylate to the unsaturated ring reaction can happen quickly to form a cross-conjugated
ketone which is not electroactive on the surface of Pt working electrode.?® * A single oxidation
wave of Trolox was observed because the second electron transfer is thermodynamically more

facile than the first one (E°«) - E°1) < 0). The potentials
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Figure 3.9 Experimental (solid line) and simulated (open circles) CV response of 0.6 mM Trolox
in 0.5 M NaCl with 0.1 M PB recorded at a 3 mm diameter GC electrode at pH 11.91. Scan rates
were 0.1, 0.2, 0.5 and 1.0 V/s.
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Figure 3.10 Experimental (solid line) and simulated (open circles) CV response of 2.1 mM
Trolox in CH}CN with 0.25 M Bu4NPF6 recorded at a 2 mm diameter Pt electrode at pH 6.81.

Scan rates were 0.1, 0.2, 0.5 and 1.0 V/s.
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Table 3.1 Associated thermodynamic and kinetic parameters obtained by digital simulation of

voltammetric data for the reaction mechanism of Trolox in aqueous solution at pH 11.91 given in
Scheme 3.2

Electrochemical Reactions E Ks o
TO*+e =TO" 0.026 + 0.007 0.1 0.5
TO*+e =TO*® -0.004 0.1 0.5

TOQ(OH) + 26" = TOQ(OH)? -0.433 0.1 0.5
Chemical Reactions K ks kb
TOH=TO +H* 1x10%? 5x10° 4.17 x 10"
TO* + H20 = TOQ(OH) + H* 0.2 0.01 0.05
2TO*=TO" + TO 3.3+£0.38 20000 (52+0.5)x10°
TOQ(OH) =P4 0.01 1 100
TOQ(OH)* =P, 1 0.1 0.1

Table 3.2 Associated thermodynamic and Kinetic parameters obtained by digital simulation of
voltammetric data for the reaction mechanism of Trolox in nonaqueous solution at pH 6.81 given
in Scheme 3.3

Electrochemical Reactions E Ks a
TOH®** +e"=TOH 0.87£0.01 0.1 0.5
IM+e =TO® 0.85+0.01 0.1 0.5
TOQ(OH) + 26" = TOQ(OH)? (-0.09) +0.01 0.1 0.5
Chemical Reactions K ks 0
TOH®**=TO® + H* 5x10° 3000 6 x 10
IM + H20 = TOQ(OH) + H* 3000 1000 0.33
TOH®**+TO*=IM + TOH 1.16 £ 0.01 3.0x 10’ (2.57+0.01) x 10
TOQ(OH) =P4 1000 2+02 (1.9+0.2)x10°
TOQ(OH)* =P, 1000 10 0.01

(E°@y,E°@ in Table 3.1 and 3.2), measured approximately from the voltammetric waves, do not
correspond to the thermodynamic formal potentials since they are influenced by the kinetics of
the homogeneous reactions, as shown in Schemes 3.2 and 3.3. All the parameters in Tables 3.1
and 3.2 were used for each simulation. To obtain the optimal kinetic and electrochemical

parameters, parameters values given in Tables 3.1 and 3.2 had to match all the experimental data
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over a range of scan rates (Figures 3.9 and 3.10). Reaction 4 and 5 in Schemes 3.2 and 3.3 are

homogeneous reactions of quinone and hydroquinone, respectively.

3.5 Conclusions

The electrochemical and spectroscopic results in the present work provide insights into
differences of the oxidation mechanisms of Trolox in aquesous and nonaqueous solutions.
Considering the voltammetric behavior and the results of the digital simulation, we can conclude
that the stability of phenoxonium cations is strongly influenced by nucleophiles in the
background electrolyte. Since these ions are expected to mainly react slowly with water as the
weak necleophile, the phenoxonium ions are stable and can be detected in the CV time scale in
aqueous solutions. The instabilities of TO" in acetonitrile are due to the intramolecular
cyclization of the carboxylate to the unsaturated ring to form a cross-conjugated ketone as the
major product. Moreover, the effects of trace water in organic solvents should be considered
when interpreting the electrochemical behaviour of phenols in organic solvents. The lifetime of
phenoxonium cations will vary in the presence of varous amounts of water since water is always
an impurity in organic solvents. Finally, although the Trolox Equivalent Antioxidant Capacity
(TEAC) assay is applicable to both aqueous and lipophilic systems; various solvents and pH
values will affect the antioxidant capacities of the same antioxidant when applying the TEAC
assay. A standarization procedure still needs to explore when the TEAC assay is used to measure

and rank antioxidants in biological fluids and natural products.
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Chapter 4: Electrochemical studies of a-tocopherol via collisions of oil-in-water emulsion

droplets on an ultramicroelectrode
4.1 Abstract

a-Tocopherol (a-TOH), the most biologically stable and active component of vitamin E,
display voltammetric features which enabled electrochemical mechanistic studies of vitamin E.
A combination of electrochemical and spectroscopic experiments have shown that a-TOH
undergoes a -2e/H* oxidation process to form long-lived phenoxonium ions (a-TO") in dry
organic solvents such as acetonitrile and dichloromethane. In the presence of trace water in
organic solvent, phenoxonium ions (a-TO") are susceptible to nucleophilic attack to form
hemiketals (a-TOQ(OH)) through hydrolysis reactions. Ultimately, the hemiketals can convert
into quinones. Most chemical studies on vitamin E focused on its antioxidant properties due to
the existence of a-TOH and its associated phenoxyl radical (a-TO®). However, other oxidized
forms of a-TOH, generated through electrochemical reactions, are also worthy of consideration
when interpreting its unique biological functions. The long-lived phenoxonium ions (a-TO") in
organic solvent, unlikely to react with free radicals, may play a role in its non-antioxidant actions,
but the stability of o-TOH decrease in phospholipid bilayers. The problem is that the
electrochemical results obtained in organic solution may not be entirely relevant for its functions
in a real biological system. Therefore, it is important to find a model to examine the oxidative
behavior of vitamin E within phospholipids. In the present work, the particle collision
electroanalysis (PCE) method was used to explore the biological functions of a-TOH in an

environment that is similar to the biological environment. a-TOH with an ionic liquid in toluene
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emulsion droplets were prepared as described later. The current response was quantitatively

analyzed to obtain additional electrochemical behaviors of a-TOH in the oil/water interfaces.

OH

Scheme 4.1 Structure of a-tocopherol (a-TOH)

4.2 Introduction

Vitamin E refers to eight different naturally occurring compounds, four tocopherols and
four tocotrienols.! Vitamin E compounds with a saturated alkyl chain are designated tocopherols
while the side chain of tocotrienols contains three double bonds.? o-Tocopherol (a-TOH) is by
far the most biologically active, naturally abundant, and fully methylated of the four (o, B, y, and
d) structurally related components of vitamin E (Scheme 4.1). Although vitamin E (a-TOH) has
long been recognized as the major antioxidant in membranes for decades, its exact function has
taken on a degree of controversy in recent years.> * The majority of studies have argued that a-
TOH plays an important role as an antioxidant in mammalian tissues to protect living cell

membranes (lipids) by reacting with free radicals.” ®

a-TOH has been proposed to inhibit the
free radical chain autoxidation cycle by two principal steps.®” First, one a-TOH molecule reacts
with an oxidized site in a cell membrane (LOO®) to obtain the lipid hydroperoxide (LOOH) and
the tocopheroxyl radical (a-TO®), as shown in Equation 4.1. Second, one a-TO® molecule reacts

with another LOO® radical, which is shown in Equation 4.2. This chemistry suggests that one a-
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TOH molecule is able to inhibit two LOO?® sites. Moreover, the orientation and dynamics of ao-
TOH within a bilayer affected by the nature of bulk phospholipids is thought to be critical for
explaining its antioxidant actions in membranes.®* ° On the other hand, there is a growing body
of evidence that the main purpose of a-TOH is to act as a cellular signaling molecule by
interacting with other proteins and enzymes of the cell.® ® '° For example, protein kinase C
(PKC), a family of isoenzymes, plays an important role in cellular transduction and regulates

cellular growth, differentiation, and secretion.* o-TOH can cause the inhibition of PKC

translocation, which relates to its growth-inhibitory effects on vascular smooth muscle cells.® **
LOO® + a-TOH —> LOOH + a-TO® Equation 4.1
LOO® + a-TO®* —> (a-TO)OOL Equation 4.2

It is generally true that many natural occurring phenols have an antioxidative function in
biological systems. The neutral compound (a-TOH) and its associated phenoxyl radical (a-TO®)
are thought to be involved in the biological chemistry of its antioxidative cases.*? ®’ Proton and
electron transfer reactions occurring at the hydroxyl group of a-TOH to reduce free radicals and
the extended phytyl chain at the 2-position allows for penetration into phospholipid bilayers.
Nevertheless, extensive electrochemical experiments have demonstrated the existence of
additional semistable oxidized compounds since o-TOH undergoes -2e/-H* chemically
reversible proton and electron transfer reactions.® ** *> Other generated forms of a-TOH, like
phenoxonium cation (a-TO"), cation radical (a-TOH"®), dication (a-TOH?*), phenolate anion (a-
TO"), hemiketal (a-TOQ(OH)), and p-quinones were determined by a combination of
electrochemical and in situ spectroscopic analyses in organic solvents under various pH
environments.® *® *’ The phenoxonium cation (a-TO") has a long lifetime compared to other

phenols, at least on a cyclic voltammetry time-scale.'® Richard’s research group has proposed
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that phenoxonium cation (a-TO") may have importance in a-TOH’s biologically non-antioxidant
cases since it is unlikely that phenoxonium cation has any role in the antioxidant mechanism.®
Therefore, all of the oxidized forms of vitamin E are worthy of consideration when considering
chemical reasons for o-TOH’s non-antioxidant actions.* Currently, there are no detailed
mechanisms in existence to explain how those properties of a-TOH affect its non-antioxidant

functions.

Most of the earlier electrochemical and spectroscopic experiments designed to form the
basis for interpreting o-TOH’s electrochemical behavior were performed in organic solution.* *®
8 The effects of low levels of water in the hydrophobic environment on the electrochemical
properties of a-TOH were also studied. In aprotic organic solvents at approximately neutral pH,
electrochemically induced transformation of o-TOH containing trace water is shown in our
proposed mechanism; see Scheme 4.2 below. For vitamin E, proton transfer and electron
transfer steps occur via a consecutive -le/-H'/-1e” chemically reversible electrochemical
oxidation process to form a cation radical (a-TOH"®), neutral radical (a-TO®), and phenoxonium
ion (a-TO").** A corresponding reduction peak is observed when the scan direction is reversed at
fast scan rates due to the reduction of phenoxonium ion (a-TO") to generate the starting material
a-TOH. The associated long-lived phenoxonium ions of a-TOH are reactive with trace water
present in the solvent to form hemiketals through hydrolysis reactions. The final products were
p-quinones but in low yields (Scheme 4.2)."* Most associated forms of a-TOH can be monitored
by voltammetric methods since they are electroactive and have different formal potentials.®’
Even the electrochemical studies of a-TOH are important for interpreting and identifying

detailed reaction mechanisms; those results may not be entirely relevant for its action in

phospholipid bilayers. It is necessary to determine whether these proposed reactions in Scheme
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4.2 can occur within lipid bilayers. A considerable amount of work has focused on the study of
its physical location in biological membranes.®” !° Katsaras et al. studied the vertical position of
a-TOH within membranes and reported that the hydroxyl phenolic head is positioned at the
lipid/water interface to have easy access to polar soluble reducing agents, while the hydrophobic
phytyl chain is pointed into the lipid bilayer.'® The stability of the phenoxonium ion and other
oxidized forms of o-TOH will decrease since the chromanol heads are positioned at the
lipid/water interface and they are reactive with water. Therefore, a lipid/water model having a

similar biological environment is necessary to examine the oxidative behavior of a-TOH.

OH

OH™ o
-le le +H O/-H*
0 tle g T e T g -H,0M+H" 1o
CygHs3 CieHaz CieH3 CieHaz CyeHas CygHa3
H

a-TOH a-TOH** a-TO® a-TO* a-TOQ(OH) p-quinone
Scheme 4.2 Electrochemical oxidation mechanism for a-tocopherol in organic solvent

containing trace water.

Particle collision electroanalysis (PCE) is an emerging methodology that is currently
being used to characterize oil/water emulsion droplets. The “emulsion droplet reactor” (EDR)
can be used to study the electrochemical behavior of a-TOH by observing single emulsion
droplet collisions at an ultramicroelectrode.? In the present work, toluene with a low dielectric
constant was used as the dispersed phase. The active redox species, a-TOH, is only soluble in
toluene. Water was used as the continuous phase. The ionic liquid,
trihexyltetradecylphosphonium bi(trifluoromethylsulfonyl)amide (IL-PA), was used as the

supporting electrolyte to increase the conductivity of the oil phase as well as the emulsifier to
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stabilize the emulsion droplets (Scheme 4.3). When the toluene droplet collides with the active
surface of ultramicroelectrode, electron transfer reactions occur and current spikes are observed
as o-TOH is oxidized at the toluene/water/platinum boundaries, which are similar to the
lipid/water interfaces.™ 2! By quantitatively analyzing the single soft particle collision data, the
emulsion droplet size distribution, droplet contents, and detailed oxidation process of a-TOH

will be obtained.

NN \_\_L F>F( N~ \F|<F

Scheme 4.3 Structure of ionic liquid trihexyltetradecylphosphonium

bi(trifluoromethylsulfonyl)amide (IL-PA)

4.3 Experimental Section
4.3.1 Reagents and Materials

All reagents and solvents were used as received. o-Tocopherol (>99.5%),
trihexyltetradecylphosphonium bi(trifluoromethylsulfonyl)amide (IL-PA) (>95.0%),
ferrocenemethanol powder (97%), and toluene (99.8%, anhydrous) were obtained from Sigma-
Aldrich. Deionized water (DI, >18.2 MQ.cm, Millipore, Billerica, MA) was used to prepare all
aqueous solutions. Agueous and non-aqueous solvents were deoxygenated with nitrogen (N,)
before use. An N, atmosphere was maintained inside the electrochemical cell during the

performance of the experiments at room temperature (23 £ 1 °C). A platinum (Pt, 10 um
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diameter) microelectrode was obtained from CH Instruments, Inc. (Austin, TX). A Pt

minielectrode (1mm disk) was purchased from eDAQ (EE014 Minielectrode Kit — PEEK).
4.3.2 Instrumentation and Electrochemical Analysis

All electrochemical experiments were performed using a CHI 660C potentiostat (CH
Instruments, Austin, Texas) with a three-electrode cell inside a Faraday cage. For cyclic
voltammetry experiments, a planar Pt electrode of 1.0 mm diameter was used as the working
electrode. An ultramicroelectrode Pt (10 um in diameter) was used as the working electrode for
amperometric i-t experiments. The same counter (Pt wire) and quasi-reference (Ag wire)
electrodes were applied to toluene solutions and toluene droplet emulsions. All solutions and
emulsions were degassed thoroughly with nitrogen and an N, atmosphere was maintained above
the solutions during the measurements. Votex (Votex Genie 2™, Fisher Brand) and Bransonic
ultrasonic cleaner (1510 Branson) were used to create emulsions. The dynamic light scattering
(DLS) experiments were performed using Zetasizer Nano Series equipment (Malvern,
Westborough, MA). SingleCounter software developed by Dario Omanovic (Centre for Marine
and Environmental Research, Ruder Boskovic Institude, Croatia) was used to analyze current

response (spikes) resulting from particles colliding with the ultramicroelectrode.
4.3.3 Preparation of the Toluene Emulsions

The toluene/water emulsions were prepared by dissolving 30 mM a-tocopherol and 500
mM IL-PA in toluene. A 0.1 mL mixture of toluene (a-tocopherol + IL-PA) was added to 4.9 mL
of Millipore water. After that, the solution was vortexed vigorously for 20 s, and immediately
sonicated for 4 minutes. The average diameter of the toluene (a-tocopherol + IL-PA)/water

emulsion droplets was 3.7 + 0.3 um measured by DLS. The concentration of the toluene (a-
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tocopherol + IL-PA)/water emulsion droplets was approximately calculated from the total
toluene (a-tocopherol + IL-PA) volume (0.1 mL) divided by the average single emulsion droplet

volume (26.5 pL), and the calculated value was 0.12 pM.
4.4 Results and Discussion
4.4.1 Cyclic voltammetric studies of a-tocopherol in toluene solution

After the preparation of a-tocopherol in toluene solution, the electrochemical behavior of
ensembles was investigated using cyclic voltammetry. Toluene is a low dielectric medium which
has a dielectric constant, ¢ of 2.38. To reduce the ohmic drop of the solution, a hydrophobic
ionic liquid, IL-PA was used as the supporting electrolyte (Scheme 4.3).2° Voltammetric
responses of 30 mM a-tocopherol in bulk toluene solution with 500 mM IL-PA were recorded

and are shown in Figure 4.1 and Figure 4.2.
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Figure 4.1 Voltammograms of Pt (diameter = 1 mm) in 30 mM a-tocopherol solution (black
solid curve) and without a-tocopherol (black dashed curve) in 500 mM IL-PA in toluene at a
scan rate of 0.1 V/s.
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As shown in Figure 4.1, two peaks were seen centered at around 1.65 V and 0.38 V vs.
Ag wire corresponding to the oxidation of 0-TOH, and reduction of a-TO", respectively.** a-
Tocopherol, like most phenolic compounds, undergoes a consecutive electron and proton
transfer oxidation process (-le/-H*/-1e), as shown in Scheme 4.2. 2 |t has been
demonstrated that a-TOH is initially oxidized by one electron to form a radical cation (o-
TOH™). The neutral radical (a-TQO®) is formed rapidly by proton transfer of the radical cation,
which is then immediately further oxidized to form the phenoxonium cation (a-TO*).** 2
Therefore, the forward reaction process involves -1e/-H*/-1¢” steps to form o-TO". When the
scan direction is reversed, the reduction process involves the transformation of a-TO" back to

the starting material.'®

The peaks difference between the forward and reverse reactions is
about 1.27 V. The relatively wide separation is because the electron transfers occur in two
consecutive one-electron steps. Each step has a different formal electrode potential.'® %
Control experiments were conducted with the same experimental conditions, except without a-
TOH in the solution. No redox signal was observed on the Pt working electrode for the
potential scan range between -0.5 V to 2.1V vs. Ag wire, evidencing no interference signal
from the supporting electrolyte and solvent. Figure 4.2 shows the voltammograms on a 10 um
Pt UME in bulk toluene solution with 500 mM IL-PA in the presence and absence of 30 mM
a-TOH. The inset shows the oxidative potential window for toluene and IL-PA on the same
working electrode for comparison. The sigmoidal wave shows the two-electron oxidation of a-
TOH, and the oxidation starts at approximately 0.61 V vs. Ag wire and reaches a steady-state
value at 1.5 V. Furthermore, the diffusion coefficient of a-TOH in toluene (500 mM IL-PA)

was calculated by the steady-state current equation to be 3.26 x 10° cm? s'*® The

electrochemical voltammograms of a-TOH in toluene solution indicate the potential range that
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can be applied in the emulsion droplet collision experiments.
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Figure 4.2 CV of 30 mM a-tocopherol and 500 mM IL-PA in toluene at Pt UME (diameter =
10 um) at a scan rate of 60 mV/s. The potential scale was referred to the Ag quasi-reference
electrode. The inset shows the potential window (60 mV/s) for 500 mM IL-PA in toluene
without a-tocopherol on the same Pt UME vs. Ag as background.

4.4.2 Collision experiments of the toluene (a-tocopherol + IL-PA)/water emulsion droplets
The same toluene composition in 0.1 mL, by mixing with 4.9 mL of water, was used to
create the emulsion for the collision experiments. The as-prepared emulsion was stable for at
least 12 hours. Chronoamperometry (amperometric i-t curve) was used to observe the collisions
of toluene (a-TOH + IL-PA)/water emulsion droplets on a Pt UME, which has been shown to be
an effective method to study stochastic single electrochemical events.?® ?® In Figure 4.3 (A),
many current spikes with individual current transient behaviors appeared on a
chronoamperogram of the toluene (a-TOH + IL-PA)/water emulsion. These current spikes are
generated whenever a single emulsion droplet collides on the surface of Pt UME, resulting in the
oxidation of 0-TOH to a-TO" inside the toluene emulsion droplets. A background experiment
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was performed under identical experimental conditions, except without a-TOH inside emulsion
droplets. As shown in Figure 4.3 (B), no current spikes were detected during the collision
experiments, which means these current spikes are only due to oxidation of o-TOH in the
emulsion droplet. Typical oxidation (Faradaic) spikes are magnified and shown in Figure 4.3 (C-
D). This observation supports the mechanism presented in Scheme 4.2, which shows current
spikes are only observed when redox active species inside droplets are oxidized. The number of
current spikes in Figure 4.3 (A) is related to diffusion flux and possibly migration of emulsion
droplets to the electrode surface. The diffusion coefficient of a spherical emulsion droplet (Dems)
can be estimated by the Stokes-Einstein Equation 4.3, and the collision frequency ( f ) of

emulsion droplets by diffusion can be calculated by Equation 4.4.

kgT

6TNTems

Equation 4.3

Depms =

f = 4DemsCemsTetectroaeNa Equation 4.4

where kg is the Boltzmann constant, T is temperature, n is the viscosity of water at 25 °C, and
rems IS the radius of droplet, given by Equation 4.3; where f is the collision frequency, Cems is
the concentration of the emulsion droplets, reectrode 1S the radius of the Pt UME, and Na is
Avogadro’s number, given by Equation 4.4. The diffusion coefficient of a 3.7 um diameter
emulsion droplet, calculated via the Stokes-Einstein approximation Equation 4.3, is 1.16 x107
cm?/s. Using Equation 4.4, the predicted collision frequency of toluene ( 30 mM a-TOH + 500
mM IL-PA)/water emulsion droplet by diffusion is 0.007 Hz. The experimentally observed
frequency is 0.04 + 0.01 Hz, which is nearly 6 times larger than the frequency predicted by
diffusion alone. The discrepancy may be caused by the migration of droplets. However,

migration effects are not significant compared with diffusion because there is a small
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background faradaic reaction contributed by the migrational electric field.*’
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Figure 4.3 (A) Amperometric i-t curve of the collisions of the 0.12 pM toluene emulsion
droplets (30 mM a-tocopherol + 500 mM IL-PA) on the Pt UME (diameter = 10 um) biased at
1.2 V vs. Ag wire. (B) i-t curve for toluene (0 mM a-tocopherol + 500 mM IL-PA) emulsion
droplets; ( C-D ) Magnified i1-t curves showing the clear spike-type responses. The
experimental data were sampled every 50 ms.

Chronoamperograms in deaerated toluene emulsion were recorded with various applied
potentials with a duration time of 1000 s. The applied potentials turned out to affect the
individual current spikes as shown in Figure 4.4 (A). The current spikes were not detected when
the applied potential was lower than 0.30 V. As the potential became larger, more current spikes

appeared and larger peak currents (ispike @ shown in Figure 4.3 (D)) were obtained. The average

peak currents (ispike-avg) Were calculated and plotted against the applied potential, ranging from
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Figure 4.4 (A) Amperometric i-t curve of the collisions of the 0.12 pM toluene emulsion
droplets (30 mM a-tocopherol + 500 mM IL-PA) on the Pt UME (diameter = 10 um) by
stepping potentials from 0.2 V to 1.2 V. (B) ispike-avg ( black triangle) obtained from individual
current spikes in chronoamperograms of the same emulsion droplets.
0.2 to 1.2 V. In Figure 4.4 (B), ispike-avg increased rapidly from 0.3 to 1.2 V. The curve can be
obtained by connecting these ispike-avg POINts which can be considered as the polarization curve of
the electro-oxidation of a-TOH in toluene solution because the current spike is entirely from
toluene droplet. Interesting, Figure 4.4 B is correlated to the cyclic voltammogram of Figure 4.2.
It shows that electro-oxidation of a-TOH on Pt UME occurs similarly in both the bulk toluene
solution and toluene emulsion droplets.?® The onset potential for the electro-oxidation of a-TOH
in toluene droplets is less than 0.4 V, while the value for a-TOH in the bulk toluene solution is
greater than 0.5 V. This finding means that it is easier to electro-oxidize a-TOH in toluene

emulsion droplets than it is in toluene solution because the hydrogen-bonding interactions

between the phenolic hydrogen atom and trace water in toluene shift the oxidation peak potential
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of a-TOH to less positive potentials, which was similarly observed for the electrochemical
oxidation of a-TOH in acetonitrile with low levels of water reported by Webster et al.?®

Upon collision with the electrode surface, a-TOH in the droplet is electrolyzed. The
current blip response can be integrated versus time to yield the amount of charge passed in a
single emulsion droplet. Faraday’s Law, as shown in Equation 4.5, can be employed to calculate
the charge. From the calculated charge, the diameter of the droplets in this system can be
estimated by using Equation 4.6. The following equations are used to obtain the size distribution
of droplets:

Q= [idt Equation 4.5

3 6Q
NFCredox

darop = Equation 4.6

where Q is the integrated charge from the spike peak, n is the stoichiometric number of electrons,
F is the Faraday’s constant, and Cregox IS the concentration of redox active species in the
dispersed phase. The mean charge (Qavg) Of individual spikes was calculated and plotted as a
function of potential, as shown in Figure 4.5. The charge values of 0 pC were given when the
applied potential was less than 0.3 V since no spikes were observed from the collision
experiments. A sigmoidal-shaped curve, in which Qayg increased rapidly from 0.3 V to 0.9 V and
then leveled off at 1.2 V, was obtained. A representative chronoamperogram at 1.2 V is shown in
Figure 4.3 (A), assuming the redox active species inside the droplet were completely
electrolyzed at this potential, which was reported by Bard et al.?>%* 2% 28 Each droplet has
spherical geometry and the concentration of a-TOH is 30 mM throughout the range of droplet
sizes. The calculated average size of the droplets was 4.2 £ 0.4 um. The calculated size
distribution by Equation 4.6 agreeed with the DLS data in Figure 4.6, indicating that the

assumption of bulk electrolysis was reasonable in interpreting the electrochemical results.*® An
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electrochemical size distribution (histogram) suggests that most of the droplets were 3.2 — 4.8
pm in diameter. The DLS (red line) indicates that the peak diameter was 3.7 um. The size
distributions from the two techniques are quite similar. Even DLS is an important tool for
charactering the size of particles in solutions, the particles in heterogeneous samples with broad
size distributions (Pdl > 0.7) can be problematic. The presence of the larger particles will
dominate the light scattering signal and mask the presence of small particles. The very small (<
20 nm) nanoparticles are mostly absorbing and will scatter very little light which will lead to
inaccurate results. Therefore, some large droplets 5 - 6.5 um and small droplets < 1.5 pm were
detected by electrochemical collision experiments which were not detected by DLS

methodology, demonstrating the advantage of the particle collision method presented here.?® *
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Figure 4.5 Calculated charge average ( Qavg ) of the collisions of the 0.12 pM toluene emulsion

droplets (30 mM a-tocopherol + 500 mM IL-PA) on the Pt UME (diameter = 10 um) by
stepping potentials from 0.2 V to 1.3 V. The inset shows the i-t curve can be integrated to
calculate the charge transferred to the electrode for a given collision event from o-TOH
oxidation in the droplet.
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Figure 4.6 Comparison of calculated data vs DLS data. Black bars represent the calculated data
and the red solid line represents the DLS data.

As shown in Figure 4.3 (C-D), the shape of the current spikes decayed exponentially with
time after a rapid increase. The time when a droplet collides and adsorbs on the Pt UME surface,
varies from 0.5 to 5 s. The thickness of the diffusion layer (8) of a-TOH in toluene solution was

estimated to be 18.1 to 57.1 um by the following equation:

8§ = V2Dt Equation 4.7

where § is the thickness of diffusion layer, D is the diffusion coefficient of a-TOH in toluene
solution ( 3.26 x 10° cm?/s ), and t is the time for the homogeneous electrolysis processing of
a-TOH in toluene. The single toluene droplet can be considered as a small electrochemical
reactor. The diffusion layer of a-TOH in toluene solution was larger than the diameter of the
calculated droplet diameter (4.2 £ 0.4 um). This suggests a-TOH inside the droplet can be fully
electrolyzed. The bulk electrolysis model was applied for this emulsion system which agrees

with results reported by several research groups.??: % 3! |t suggests that when the droplet
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attaches to the surface of the working electrode upon collision, the reactor will open up and
expose its contents to the active surface of Pt for electrolysis.*® Therefore, an increase in contact
area which represents the electrochemical droplet touching the electrode surface, will result in
an increase in the current at each current spike. The decay of the current is because of the
depletion of a-TOH in the droplet during the electrolysis, which is consistent with the i-t
behavior of a-TOH in toluene solution. Overall, these results indicate that the hydrophobic

redox active species in the toluene emulsion droplet follows the bulk electrolysis model.
4.5 Conclusions

In the present work, the oxidation of a-tocopherol in toluene emulsion droplets was first
observed by the single particle collision method using an ultra-microelectrode. First, we
demonstrated the electrochemical oxidation of a-tocopherol in toluene organic solvent with
extremely low dielectric constants. The current spikes showed up when the collisions occurred
during the experiment. By quantitatively analyzing the spike-type current response, the
diffusion coefficient, collision frequency, and size distribution of the emulsion droplets were
also addressed. The voltammetric behavior of a-tocopherol in a single toluene droplet was
similar to that in the toluene solution. It suggests that the electroactive redox contents in the
toluene droplets follow the bulk electrolysis model, and that bulk electrolysis can be achieved
in a few seconds in these femtolitre reactors. The work presented here also showed that in the
presence of water, the onset potential for the oxidation of a-TOH in single droplet shifts to a
less positive value compared with that in pure toluene bulk solution. It indicated that the
phenolic hydrogen atom most likely undergoes weak hydrogen-bonding interactions with water.
The oxidized product diamagnetic cation can quickly react with water to form hemiketal.® Our

results imply that the three-phase boundary (toluene/water/platinum) and the toluene/water
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boundary are important in electrolysis considerations about this droplet system.?* 1t would be
possible to use particle collision strategy as an analytical technique to examine the oxidative
behavior of vitamin E within phospholipids, ultimately to gain more mechanistic details for the

functions of vitamin E in biological systems.
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Chapter 5: Summary

Mechanistic studies of proton-coupled electron transfer reactions help to interpret
experimental results as well as provide predictions for future experiments. This dissertation has
demonstrated that variations in parameters impact the reaction mechanisms of PCET reactions.
Specific parameters that have been studied in this work are oxidant potentials, buffer

concentration, pH values, solvents, and pK, values.

In chapter 2, we examined the effects of the oxidant-base pairs to PCET reactions. The
results support that the stepwise pathways would be dominate when experimental conditions
stabilize the intermediates of electron transfer or proton transfer, while concerted reactions will
occur when those intermediates are unstable. Theoretical calculations have indicated that the
maximum value of KIE should be reached when the difference in basicity of base and acid is
equal to zero. We propose that the maximum level of concerted reactions for a PCET reaction
should occur when PT and ET coincide at a thermoneutral point by means of the pKa and E°* of
the studied species. The rate of the concerted pathway should reach the maximum value and
attain the limit thermodynamic efficiency in this ideal thermoneutral state. Experimental support
of this prediction has been lacking. These insights could be applied to design artificial systems
for production of energy using more abundant reagents with lower cost and higher efficiency
involving PCET reactions. In chapter 3, we provided an explanation for the differences of the
oxidation mechanism of Trolox in agueous and nonaqueous solutions with various pH values.

We conclude that nucleophiles in the background electrolyte strongly influence the stability of
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phenoxonium cations. The cross-conjugated ketone is the final product for the oxidation of
Trolox in acetonitrile, while quinone is the major final product for the redox reaction of Trolox
in water solutions. Our results provide a possible way to improve the Trolox Equivalent
Antioxidant Capacity (TEAC) assay in both aqueous and lipophilic systems. In chapter 4, the
oxidation of a-tocopherol was studied by particle collision methods. The electroactive redox
contents in the toluene droplets follow the bulk electrolysis model. The onset potential for the
oxidation of a-tocopherol in single droplet shifts in the presence of water. Our results imply that
the toluene/water boundaries are useful to examine the oxidation behavior of a-tocpherol within
phospholipids in order to gain more information for the functions of vitamin E in biological

systems.

In this dissertation we use electrochemical techniques to observe PCET reactions. By
studying the oxidation reactions of glutathione, Trolox, and a-tocopherol models, we provided
more detailed explanations of their proton transfer and electron transfer mechanisms. All these
results can help us to make predictions of how the variation of experimental parameters will

affect the experimental systems.
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Appendix 2A. Calculation of AG”’prand AG*’gr of Table 2.6

Detailed procedure for the calculation of AG*’prand AG*’gr shown in Table 2.6 (Chapter 2):

The redox potentials for mediators were determined from half-wave redox potentials of
experimental cyclic voltammograms at various scan rates. The apparent redox potentials for
mediators were: E°;,(Mo(CN)s*/Mo(CN)s*) = 0.583 V vs. Ag/AgCI; E%(IrCle®/IrCls®) =
0.730 V vs. Ag/AgCI; E%pp(Fe(phen)s® /Fe(phen)s®) = 0.827 V vs. Ag/AgCI. Eq. Slreported by
Madej was used to calculate the E%p, values of GSH in buffered solutions.* Here, pK, value for

thiol group of GSH is 8.7 (pKash); E%(GS®/GS ") = 0.58 V vs. Ag/AgCl, pH = pKa.

Eopp(GS*, H* /GS™) = E"(GS"/GS™) +0.059 log K”:H) Eq. 2Al

When pH = 5.1, E%p(GS®, H'/GS") = 0.58 + 0.059 log (1 + ) 0.792406 V;
pH = 5.6, E%,p(GS*®, H'/GS") = 0.58 + 0.059 log (1 + ) 0.762920 V;
pH = 6.2, E%,p(GS*®, H'/GS") = 0.58 + 0.059 log (1 + ) 0.727581 V;

pH = 6.5, E%y(GS*, H/GS") = 0.58 +0.059 log (1 + 7 107 = 0.709961 V;

pH = 7.2, E%yp(GS*, H'/GS") = 0.58 +0.059 log (1 + - ) =0.669298 V.

—87
Concerted mechanism was obtained for the mediated oxidation of GSH in the range of pH values
below pK,sy (8.7). Eq. 2A2 and Eq. 2A3 show the concerted rate-determining step followed by

the fast dimerization of the thiyl radical.

GSH+M'+B — GS*+M+BH* EQ.2A2  Gs*+Gs* = GSSG Eq. 2A3

According to the relationship between Gibbs free energy change, AG®’, and equilibrium

constants, the driving force for proton transfer (PT) was calculated by Eq. 2A4, where, R =
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8.314462 Jmol™* K, T=298 K, 1 eV = 1.60218 x 10™ J, Avogadro constant Na = 6.022 x 10%

mol™?, pH = pKa.

AGy = —RTIn(==) Eq. 2A4

a(base)

When pH =5.1, AG%; = —8.314462 ] mol 'K~ 298 K In(1o— ) = 2053849 KJ mol ™ =

20.53849 X 1000 _
(1.60218 X 10719) X (6.022 X 1023) =0.212871 eV!

1078
10-5-6

pH =5.6, AG°hy = —8.314462 J mol 1K1 298 K In(:

17.68593 X 1000 _
(1.60218 X 10~19) X (6.022 X 1023) =0.183306 eV,

') = 17.68593 KJ mol ™ =

pH =62, AG°hy = —8.314462 ] mol*K™* 298 K In(;.— ) = 14.26284 KJ mol ™ =

14.26284 X 1000 _
(1.60218 X 10-19) X (6.022 X 1023) 0.147827 eV;

1078
10-6-5

pH = 6.5, AG°hr = —8.314462 ] mol 'K ~! 298 K In(5

12.55130 X 1000 _
(1.60218 X 10~19) X (6.022 X 1023) =0.130088 eV,

') = 12.55130 KJ mol ™ =

pH=7.2, AG°,; = —8.314462 ] mol'K~1 298 K ln( ) = 8.557706 KJ mol ™ =

8.557706 X 1000

(1.60218 X 10~19) X (6.022 X 1023) =0.088696 eV.

The driving force of electron transfer (ET) reaction step was calculated by Eq. 2A5, where,
M/M* represents mediator, n is the number of electron transfer, Faraday constant F = 96485 C

mol™, 1 J (joules) = 1 V(volts) X 1 C (coulombs).

AG® = —nF(ESyy(M/M*) — EQ,,(GS®, H* /GS™)) Eq. 2A5

For the redox mediator Mo(CN)g>/Mo(CN)g*", when

pH = pK,=

AG°r = —1 X 96485 Cmol~1(0.583 V — 0.792406 V) =20.20457 KJ mol™ =
20.20457 X 1000 = 0.209410 eV;

(1.60218 X 10~19) X (6.022 X 1023)
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pPH = pK;= 5.6,

AG°pr = —1X 96485 Cmol~1(0.583 V — 0.762920 V) =17.3596 KJ mol™ =

17.35961 X 1000 _ .
(1.60218 X 10719) X (6.022 X 1023) =0.179924 eV;

pPH = pK;=16.2,

AG°yr = —1 X 96485 Cmol~1(0.583 V — 0.727581V) =13.94988 KJ mol™ =

13.94988 X 1000 _ ]
(1.60218 X 10719) X (6.022 X 1023) =0.144583 eV!

pPH = pK;=6.5,

AG°yr = —1 X 96485 Cmol~1(0.583 V — 0.709961 V) =12.24984 KJ mol™ =

12.24984 X 1000 _ ]
(1.60218 X 10~19) X (6.022 X 1023) =0.126963 eV,

pH = pKa: 7.2,

AG°%r = —1 X 96485 Cmol™1(0.583 V — 0.669298 V) =8.326436 KJmol™ =

8.326436 X 1000 _ ]
(1.60218 X 10~19) X (6.022 X 1023) = 0.086299 eV,

The AG®}; values for IrClg?/IrCls® and Fe(phen)s**/Fe(phen)s®* were calculated using the same

procedures for Mo(CN)s>/Mo(CN)s* and correlated values were listed in Table 2.6.
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Appendix 2B. Diffusion coefficients of GSH, mediators and buffers components

Species Diffusion Coefficient/ 10° cm? s™
GSH (5.13 + 0.05)?
IrClgZ/IrClg™ (7.0+1.0)°
Fe(phen)s>*/Fe(phen)s* (3.1+0.1)°
Mo(CN)g*/Mo(CN)s" (2.82+0.04)°
H,PO4 9.59°¢
HPO,~ 7.59°

Table 2B.1 Diffusion coefficient of all species used to simulate the cyclic voltammetry of GSH

in the presence of different metal complexes and Bronsted bases B.

2 Determined by Pulsed Gradient Echo (PGE) 'H NMR as described in the experimental section; the diffusion
coefficient of all the glutathione derived species (i.e. G', GG and G”) was assumed to be the same as that of
glutathione (G). ® Estimated though digital simulation of cyclic voltammograms of aqueous solutions of 1.0 mM of
metal complex alone. ¢ Obtained from the CRC Handbook of Chemistry and Physics; the same diffusion coefficient

was assumed for all deprotonation states of malic, succinic, citric and maleic species.
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Appendix 2C. Simulation of experimental CV response of GSH and Fe(phen)s;SO, at various

scan rates.

10

-10

I/nA
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Scanrate 0.1-0.7V s~

Phosphate buffer 0.025 M

-50

0.9

0.8

0.7 0.6 0.5 0.4

E/V vs. Ag/AgCI

0.3

Figure 2C.1 Experimental (solid line) and simulated (open circles) CV response of 1.0 mM GSH
+ 1.0 mM Fe(phen),SO, , at pH 10.00. Scan rates were 0.1, 0.3, 0.5 and 0.7 V s,

Scan rate 0.1-0.7V s?l

Phosphate buffer 0.050 M

0.7 0.6 0.5 0.4

E/V vs. Ag/AgCl

0.3

Figure 2C.2 Experimental (solid line) and simulated (open circles) CV response of 1.0 mM GSH
+ 1.0 mM Fe(phen),SO, , at pH 10.00. Scan rates were 0.1, 0.3, 0.5 and 0.7 V s,
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Figure 2C.3 Experimental (solid line) and simulated (open circles) CV response of 1.0 mM GSH
+ 1.0 mM Fe(phen),SO, , at pD 10.00. Scan rates were 0.1, 0.3, 0.5 and 0.7 V s,
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_40 L L L L L
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E/V vs. Ag/AgCI
Figure 2C.4 Experimental (solid line) and simulated (open circles) CV response of 1.0 mM
GSH + 1.0 mM Fe(phen),SO, , at pD 10.00. Scan rates were 0.075,0.1,0.3 and 0.5V s
Appendix 2D. Simulation of experimental CV response of GSH and KsMo(CN)g at various scan

rates
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Appendix 2D.1 Experimental (solid line) and simulated (open circles) CV response of 1.0
mM GSH + 1.0 mM K4Mo(CN), , at pH 10.00. Scan rates were 0.075,0.1,0.2 and 0.3 V s,
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Appendix 2D.2 Experimental (solid line) and simulated (open circles) CV response of 1.0
mM GSH + 1.0 mM K4Mo(CN), , at pH 10.00. Scan rates were 0.075,0.1,0.2 and 0.3 V s

107



10

5
0 -----
5
<
=0
P

Scan rate
0.05-02Vs!

p Phosphate buffer
'." ‘ L L Q.ZO\O M\ ‘ L L L

1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3

E/V vs. Ag/AgCl

Appendix 2D.3  Experimental (solid line) and simulated (open circles) CV response of 1.0 mM
GSH + 1.0 mM K4Mo(CN), , at pH 10.00. Scan rates were 0.05, 0.075, 0.1 and 0.2 V s,
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Appendix 2D.4 Experimental (solid line) and simulated (open circles) CV response of 1.0
mM GSH + 1.0 mM K4Mo(CN), , at pH 10.00. Scan rates were 0.05, 0.075, 0.1 and 0.2 V s
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Appendix 2D.5 Experimental (solid line) and simulated (open circles) CV response of 1.0 mM
GSH + 1.0 mM K4Mo(CN)y , at pD 10.00. Scan rates were 0.05, 0.075, 0.1 and 0.2 V s,
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Appendix 2E. Parameters used in digital simulations of cyclic voltammograms

The following are the electrochemical and kinetic parameters that best fitted the
experimental voltammetry. The CV data for the oxidation of GSH by electrogenerated mediators
recorded in DI water with various concentrations of phosphate buffer and 1.0 M NaCl as the
supporting electrolyte at a 3 mm diameter glassy carbon electrode at room temperature. The
values in the tables obtained from the average of the simulated electrochemical and kinetic
parameters at various scan rates between 0.05 — 1 VV s™. The numbers on the left side of the
parameter tables in the Appendix 2 mean the same number of the reaction steps of Table 2.1 and

Table 2.2 in Chapter 2.

Units for fitted parameters: redox potential (E ) : V ; diffusion coefficient (D) : cm? s™;
heterogeneous rate constant ( ks ) : cm s™; transfer coefficient ( o ) : unitless ; homogeneous rate
constants for the forward (k) and back (ky) reactions: s (first-order reactions), L mol™ s

(second-order reactions) ; equilibrium constants ( Keq ) : Keq = Ke/Kp.

Simulations of CV experiments done at pH 10.00 and pD 10.00.

1.0 mM Fe(phen);SO, + 1.0 mM GSH + 25 mM phosphate buffer pH 10.00 + 1.0 M NacCl

# | Electrochemical Reactions E Ks o

1 Fe(phen)s** + e = Fe(phen);** 0.8285 0.1 0.5

3 GS +e-=GS 0.5845 1.0x 10" 0.5
Chemical Reactions K Ks Ko

2a GSH + PO,* = GS + HPO,* 2x10° 2 x 10° 1

o | Fe(phen)s® + GS™ = Fe(phen)s”* + GS’ 1.33x10" | (1.44£0.3)x 10" | (1.1+0.2) x 10°

5 | Fe(phen);*" + GS’ = Fe(phen);” + GS” 4.0 x 10" (6.6+0.4) x 10° | (1.6£0.1) x 10°

4 GS'+ GS' = GSSG (1.310.4) x 10° | (2.7+0.4) x 10° 2.3+0.8

6 Fe(phen)s*" =P 1.0 x 10’ 2.21x10° 2.21x10°
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1.0 MM Fe(phen);SO, + 1.0 MM GSH + 50 mM phosphate buffer pH 10.00 + 1.0 M NacCl

# | Electrochemical Reactions E Ks a

1 Fe(phen)s** + e = Fe(phen),** 0.8225 0.1 0.5

3 GS +e-=GS 0.5845 1.0x 10* 0.5
Chemical Reactions K K¢ Ko

2a GSH + PO,* = GS™ + HPO,* 2 x 10* 2 x 10° 1

op | Fe(phen)s® + GS = Fe(phen)s” + GS™ | (1.240.2) x 10* | (7.3+0.2) x 10" | (6.5+0.3) x 10°
Fe(phen);** + GS' = Fe(phen)s** + GS” 4.0 x 10" 5.0 x 10° 1.25x 10°

GS'+ GS'= GSSG (3+1) x 10° 2.0x10° 8.5+0.4
6 Fe(phen);*" =P (3.740.2) x 10" | 2.21x 107 (1.0£0.1) x 10°®

1.0 mM Fe(phen);SO, + 1.0 MM GSH + 100 mM phosphate buffer pH 10.00 + 1.0 M NaCl

# | Electrochemical Reactions E Ks o
Fe(phen)s®* + e = Fe(phen)s** 0.8225 0.1 0.5

3 GS +e-=GS 0.5845 1.0x10* 0.5

Chemical Reactions K Ks Ko

2a GSH + PO,* = GS + HPO,* 2 x10° 2 x 10° 1

2 Fe(phen)s** + GS™ = Fe(phen);”*+ GS™ | 1.053x10* | (1.1+0.1) x 10® | (1.04+0.09) x 10°

5 | Fe(phen);* + GS' = Fe(phen)s”* + GS” 4.0x 10" (8+2)x 10° (2.0£0.4) x 10°

GS'+ GS = GSSG (1.940.9) x 10° | (6.3+0.2) x 10° 4.140.2
6 Fe(phen);*" =P 4.0x 10’ 2.21x 107 5.52 x 10"
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1.0 mM Fe(phen);SO,4 + 1.0 mM GSH + 50 mM deuterated phosphate buffer pD 10.00 + 1.0 M

NaCl

# | Electrochemical Reactions Ks a

1 Fe(phen)s** + e = Fe(phen)s** 0.8325 0.1 0.5

3 GS +e-=GS 0.5845 1.0x 10" 0.5

Chemical Reactions K K¢ Ko

%a GSH + PO,* = GS™ + HPO,” 2x 10 2x10° 1
ob | Fe(phen)s® + GS™ = Fe(phen)y”* + GS' 1.553x 10* 7 x 10° 450.61

5 | Fe(phen);* + GS = Fe(phen)y”* + GS” 4.0 x 10" 5.0 x 10° 1.25x 10°
4 GS'+ GS' = GSSG 6 x 10° 2.0 x 10° 0.33

6 Fe(phen);* =P 1.0 x 10’ 2.21x 107 2.21x10°

1.0 mM Fe(phen);SO, + 1.0 mM GSH + 100 mM deuterated phosphate buffer pD 10.00 + 1.0 M

NaCl
# | Electrochemical Reactions E Ks o
Fe(phen)s** + e = Fe(phen);** 0.8325 0.1 0.5

3 GS +e-=GS 0.5845 1.0x 10" 0.5
Chemical Reactions K Ks Ko

2a GSH + PO,> = GS + HPO,* 2 x10° 2 x 10° 1

op | Fe(phen)s® + GS™ = Fe(phen)s”* + GS’ 1.553x 10° | (1.3+0.4) x 10® | (8.5+0.3) x 10°
Fe(phen)s*" + GS' = Fe(phen);** + GS” 4.0x 10" (1.7£0.8) x 10° | (4.2+0.2) x 10™

4 GS'+ GS'= GSSG 6 x 10° 2.0 x 10° 0.33

6 Fe(phen)s*" =P 1.0 x 10’ 2.21x10° 2.21x10°
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1.0 mM K4;Mo(CN)g + 1.0 MM GSH + 25 mM phosphate buffer pH 10.00 + 1.0 M NaCl

# | Electrochemical Reactions E Ks a
1 Mo(CN)s* + & = Mo(CN)g* 0.5916 0.03 0.5
3 GS +e-=GS 0.5845 1.0x10™ 0.5
Chemical Reactions K K¢ Ko
2a GSH +PO,* = GS™ + HPO,” 2 x 10* 2 x10° 1
2 | MO(CN)E" + GS = Mo(CN)&* + GS 1.3182 (2'87f83'06) X | (2.17+0.04) x 10°
5 | Mo(CN)s* +GS" = Mo(CN)s> + GS” 1x10° 1x10° 0.1
. GS'+ GS = GSSG (2'3f(§)1b3) X 5.0 x 10%° 2.240.2
6 Mo(CN)s* =P 2.00 x 10° 1.00 x 10 5.00 x 10°®
1.0 mM K4;Mo(CN)g + 1.0 mM GSH + 50 mM phosphate buffer pH 10.00 + 1.0 M NaCl
# | Electrochemical Reactions E ks o
1 Mo(CN)g® + e = Mo(CN)g" 0.5916 0.03 0.5
3 GS +e-=GS 0.5845 1.0x10* 0.5
Chemical Reactions K K¢ Ko
2a GSH + PO,> = GS™ + HPO,* 2x10° 2x10° 1
ob | MO(CN)s" + GS™ = Mo(CN)s* + GS' 1.3182 (4.240.7) x 10° | (3.240.4) x 10°
5 | Mo(CN);" +GS"=Mo(CN)” + GS” 1x10° 1x10° 0.1
4 GS'+ GS'= GSSG (5.3+0.6) x 10’ 1.0 x 10" (1.9+0.2) x 10°
6 Mo(CN)g" =P 2.00 x 10° 1.00 x 10 5.00 x 10°®
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1.0 mM K4Mo(CN)g + 1.0 mM GSH + 100 mM phosphate buffer pH 10.00 + 1.0 M NaCl

# | Electrochemical Reactions E Ks o

1 Mo(CN)s® + & = Mo(CN)g* 0.5916 0.03 0.5

3 GS +e-=GS 0.5845 1.0x 10" 0.5
Chemical Reactions K K¢ Ko

%a GSH + PO,* = GS™ + HPO,* 2 x 10* 2 x 10° 1

ob | Mo(CN)s" + GS = Mo(CN)g* + GS’ 1.2679 (5.5+1.9) x 10° | (4.1£1.5) x 10°
Mo(CN)s* + GS" = Mo(CN)s* + GS” 1x10° 1x10° 0.1

4 GS'+ GS'= GSSG (2.1+0.2) x 10 1.0 x 10" (1.3+0.2) x 10?

6 Mo(CN)s* =P 2.00 x 10° 1.00 x 10 5.00 x 10°®

1.0 mM K4Mo(CN)g + 1.0 mM GSH + 200 mM phosphate buffer pH 10.00 + 1.0 M NaCl

# | Electrochemical Reactions E Ks o

1 Mo(CN)s* + & = Mo(CN)g* 0.6096 0.0045+0.001 0.5

3 GS +e-=GS 0.5845 1.0x 10" 0.5
Chemical Reactions K K¢ Ko

2a GSH + PO,* = GS™ + HPO,* 2 x 10* 2x10° 1

oh | Mo(CN)g" + GS = Mo(CN)g* + GS’ 2.6558 (3.6+0.2) x 10* | (1.3+0.8) x 10"

5 | Mo(CN)s" +GS = Mo(CN)g* + GS” 1x10° 2 x 10° 0.2

4 GS' + GS'= GSSG 5.0 x 10° 1.0x10° 2.0x 10°

6 Mo(CN)g" =P 2.00 x 10° 1.00 x 10™ 5.00 x 10°®
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1.0 mM K4Mo(CN)g + 1.0 mM GSH + 300 mM phosphate buffer pH 10.00 + 1.0 M NaCl

# | Electrochemical Reactions Ks a

1 Mo(CN)s* + e = Mo(CN)g* 0.6096 0.0043+0.002 0.5

3 GS +e-=GS 0.5845 1.0x 10" 0.5
Chemical Reactions K¢ Ko

2a GSH + PO,> = GS™ + HPO,* 2x10° 2x10° 1

ob | MO(CN)s* + GS = Mo(CN)s® + GS’ 2.6558 (4.0+£0.2) x 10* | (1.5+0.9) x 10*

5 | Mo(CN)s" +GS’ = Mo(CN)g* + GS” 1x10° 2 x10° 0.2

4 GS'+ GS' = GSSG 5.0 x 10° 1.0x 10° 2.0x10°

6 Mo(CN)g" =P 2.00 x 10° 1.00 x 10 5.00 x 10°®

1.0 mM K4;Mo(CN)g + 1.0 mM GSH + 50 mM deuterated phosphate buffer pD 10.00 + 1.0 M NaCl

# | Electrochemical Reactions E ks o

1 Mo(CN)g* + & = Mo(CN)g* 0.5906 0.06+0.02 0.5

3 GS +e-=GS 0.5845 1.0x 10" 0.5
Chemical Reactions K Kt Ky

2a GSH + PO,* = GS™ + HPO,” 2x10° 2 x 10° 1

b Mo(CN)g" + GS = Mo(CN)g* + GS' 1.2679 (5.3+0.3) x 10° | (4.0+0.4) x 10°

5 Mo(CN)g" + GS’ = Mo(CN)g* + GS” 1x10° 1x10° 1

4 GS + GS = GSSG 2.0x 10° 1.0 x 10° 5

6 Mo(CN)g* =P 4.00 x 10° 1.00 x 10™ 2.50 x 107
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Appendix 2F. Determination of heterogeneous rate constants using the method of
Nicholson

For our system, the effect of ohmic potential losses is negligible because highly
conductive supporting electrolytes was used to reduce the total solution resistance. The switching
potential (E,) is at least 200 mV beyond anodic and cathodic peaks.? The shape of cyclic
voltammgrams ( i-E curves) and current peak difference (AE) for the reversible one-step, one-
electron process are functions of scan rate (v), heterogeneous rate constant (k°), transfer
coefficient (o) and diffusion coefficient (D). The i-E curves are functions of parameter y, defined

by Eq. S6.3

— ko
V= ooz

Eqg. 2F.6
Where, f = F/RT = 38.92 V', The diffusion coefficient values of the oxidants (M*) and their
reduced species (M) were assumed the same.

For example, Dyiocnyss- = Dmocnysa- = 2.82 X 10° cm?/s, AE, = 61 mV, v = 0.1 V/s, y = 20;

ke =20 (r x2.82 x 10 cm?/s 38.92 V! x 0.1V/s)"?= 0.12 cml/s.

The rate constants at various scan rates were calculated ( 0.1, 0.3, 0.5, 0.7, 1 V/s) using the
method of Nicholson which are on the same order of maginitude as the values obtained from
digital simulation. Table 2F.1 shows the average values of heterogeneous rate constants for three

mediators.

Table 2F.1 Heterogeneous rate constants data of three mediators calculated at various scan rates

Oxidant Mo(CN)g™ IrClg™ Fe(phen)s™*

k® 0.25+0.09 0.12+0.04 03%0.1
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Appendix 3 (Chapter 3)

Appendix 3A. Mass spectroscopy data of Trolox in methol-acetic solution

Appendix 3B. Mass spectroscopy data of oxidized Trolox in methol-water solution

Appendix 3C. UV-vis spectra of Trolox in different solvents prior to and after bulk elctrolysis
Appendix 3D. UV-vis spectra of Trolox in aqueous solutions at various electrolysis times

Appendix 3E. UV-vis spectra of Trolox in the mixture of water and acetonitrile with different pH
values
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Appendix 3A. Mass spectroscopy data of Trolox.
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Figure 3A. ESI-MS spectra (negative mode) of Trolox in methanol + 0.1% acetic acid water
solution (50-700 m/z).
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Appendix 3B. Mass spectroscopy data of oxidized Trolox in methol-water solution
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Figure 3B. ESI-MS spectra (negative mode) of oxidized Trolox in methanol water solution
(235-275 m/z).
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Appendix 3C. UV-vis spectra of Trolox in different solvents prior to and after bulk elctrolysis
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Figure 3C. UV-vis spectra obtained with 0.1 mM Trolox in (A) water with 0.2 M CH3COONa;
(B) acetonitrile + water (3:3, v/v) with 0.2 M CH3COONa; (C) acetonitrile with 0.25 M
Bu NPF ; prior to the bulk oxidation of Trolox (black lines), after the oxidation of Trolox over
7200s, 700s, 4400s, respectively (red lines).
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Appendix 3D. UV-vis spectra of Trolox in aqueous solutions at various electrolysis times
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Figure 3D. UV-vis spectra obtained during the bulk oxidation of 0.1 mM trolox in water with
0.2 M CH3COONa with different bulk electrolysis times.
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Appendix 3E. UV-vis spectra of Trolox in the mixture of water and acetonitrile with different
pH values
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Figure 3E. UV-vis spectra for 0.25 mM trolox in water + acetonitrile (5:1, v/v) with 0.2 M
CH3;COONa with different pH solutions.
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