ELECTROCHEMICAL STUDY OF REDOX
ENZYMES AND THEIR UTILIZATION ON
MODIFIED ELECTRODES

DIMITRIOS ZOURARIS

NATIONAL TECHNICAL UNIVERSITY OF ATHENS
SCHOOL OF CHEMICAL ENGINEERING
PhD THESIS






«H €yxpion tng dbaxtopinic Slatedric amd Ty Avwtdtn Xyohr) Xnuwwy Mnyavixoy
tou E.M.ITohuteyvelou Sev umodnAwver amodoyn Ty Yvoudy tou cuyyeagéa. (N.5343/1932,
‘Apdpo 202)»






This research is co-financed by Greece and the European Union (European Social
Fund- ESF) through the Operational Programme «Human Resources Development,
Education and Lifelong Learning> in the context of the project “Strengthening Human
Resources Research Potential via Doctorate Research” (MIS-5000432), implemented by
the State Scholarships Foundation (IKY)

-
Operational Programme ~7 Ez "A
Human Resources Development, =g 2014-2020
Education and Lifelong Learning

Evpwnaikn Evwon
European Social Fund Co-financed by Greece and the European Union






oav €Tollog Ao xoupod, oo Oupparéod,
amoyoupéto TNy, THY aAeldvopeta Ilob gedyert.

Andéomnaopa anéd moinua tou K. TI. Kafden:
Arnoleiney 0 Yedc Avidvioy






Prologue - Aknowledgement

Disclaimer: The reader is advised to skip this part due to the high risk of finding it
“cringeworthy”.

The journey of this thesis began three and half years ago somewhere between
the Laboratory of Physical Chemistry and Applied Electrochemistry and the Lab of
Biotechnology of the School of Chemical Engineering, NTUA, with the main part of
the work being carried out in the first one. It started with one principal aspiration: to
discover new things, learn and to enjoy the process - not in this particular order. The
first two goals shall be judged through the process of reading this work and during the
defending of the thesis. The third one is only the writer can really know.

Before moving on to the main part of the thesis, the people who helped/contributed
- in different ways - in the completion of this thesis shall be credited. The reader at this
point has another chance to skip the rest of the prologue and move on to the actual
thesis. In case the reader insists on reading this “part of the thesis”, they should also
be prepared that it is written in an unconventional bottom-up structure, instead of the
common top-bottom one, for reasons of climax, as I consider the top-bottom structure
of such texts quite anticlimatic.

Hence, the acknowledgments shall start by thanking my parents - Georgia and
Zacharias - and my friends - Dimitra, Christina, George, Michalis, Kyriaki, Ioanna,
Demi, Anna and Lefteris - for all the moral support they have offered me all these
years. One of the main lessons of these three and a half years is that, no matter how
good the working conditions are and no matter how much you are willing to try and
give it your all, in case you have no people outside the working environment to help
you morally, it is not really possible to make it through.

Next, I shall thank two laboratories for their cooperation. The first one is the Labo-
ratory of Inorganic Chemical Technology of the School of Chemical Engineering, NTUA
and Professor C. Argirousis for providing the immobilization matrix used in the exper-
imental section of this thesis. The second one is the Laboratory of Biochemical Process
Engineering, Division of Chemical Engineering, Department of Civil, Environmental
and Natural Resources Engineering, Lulea University of Technology and professor P.
Christakopoulos for the cooperation in the study of lignin as an electron donor for the
LPMO enzymes.

Moving on, another person than played a major role in this work is Sotiria Kiafi who
carried out her diploma thesis in the Laboratory of Physical Chemistry and Applied
electrochemistry, NTUA and was of great help with the experiments regarding the
multi copper laccase oxidase. The experimental results of her systematic and persistent
work were the starting point of one of the most challenging parts of this PhD, the
study and mathematical modeling of a Michaelis-Menten reaction kinetic scenario of
an immobilized species using FTacV. I shall also admit that it will be difficult to find
in the future a lab partner with whom I will cooperate that effectively and effortlessly.

I also feel obliged to express my gratitude to the people from the Laboratory of
Biotechnology and more specifically three people, Christina Pentari, Natasa Zerva and
Anthi Karnaouri. Christina for helping with HPAEC-PAD - and basically for putting
so much effort so that it would finally work correctly - and for helping out with finding



out what was going wrong with the electroporation experiments. Natasa for starting
this interaction of the electrochemistry and the biotechnology lab with her peroxidase
six years ago and for her contribution in this work with the multi copper laccase oxi-
dase. Last but not least, Anthi, for her work with the LPMOs, her idea for studying the
electron donors electrochemically, the introduction of pGAPZa C vector in the labora-
tory, her patience and constant support during the enzyme production and purification
processes.

At this point I would like to express my gratitude to the Associate Professor E.
Topakas and the Assistant Professor M. Dimarogona who are also a part of my “3-
person” counseling PhD committee. They were indeed a counseling committee and
were eager to respond to my questions and they did not have a decorative role, which
sadly is the most common characteristic in our days.

Finally, the time has come to say a big thank you to supervisor of this thesis,
associate professor A. Karantonis. (The reader at this point has one last change to
abandon the reading of this section, and move on to the main thesis.) This collaboration
started back - in the now distant - 2015 when I started working on my diploma thesis.
Ever since, he has been everything a supervisor should be, a professor. When I say
professor, I imply the Greek work xodnyntrc, which is derived from the word xododny®
which means guide. In that sense, a professor is the one who shall guide you through
knowledge and experience, shall make you think, discuss with you and make you conquer
what is necessary for your next step.! And for these past years, indeed A. Karantonis
has guided me through the world of electrochemistry, while at the same giving me
experimental freedom as to where this work would go. I do not know if under any
other circumstances would I find a supervisor that would not only let me, but also
encourage me, do what I did in this PhD. My aspiration ever since understanding
what instrumental chemical analysis is and its principles, was to contribute to the
development of an analytical technique, and this work at least let me believe that I
achieved this with what I report for FTacV. No matter what, without Prof. Karantonis,
I do not know if I would even come close this. Now, if the contribution of this work
will indeed be useful for others in the future only time will tell. So again one big thank
you - or better in greek “euyaplote” - do not know if is enough. Thank you for the
knowledge, thank you for trusting me, thank you for the conversations, thank you for
the clash of opinions, thank you for collaborating, thank you for putting up with me...

For a closing remark of this prologue now. Most people misinterpret - in my opinion
- Cavathys poem “Ithaka”, by considering only the first verses and reach the conclusion
that it is not the destination that matters but the journey. However, they forget that
if it weren’t for the destination, the journey would have never happened. And as the
poet explicitly mentions in the same poem ” Ithaka gave you the marvelous journey./
Without her you wouldn’t have set out.” So, it’s been a great journey. A journey that
ends just at the right moment before it starts withering. A journey where I met the
right people, at the right time. A journey which lead to the final destination. And even

1T do not use the word teacher, ddoxahoc in Greek, due to the fact that it implies an absolute
center of knowledge which is not susceptible to defiance or questioning and is not as open to dialog as
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Abstract

The present work focuses on the extraction of thermodynamic and kinetic information
of redox enzymes and molecules they interact with, through electrochemical techniques.
In the introduction, a quick overview is made on redox enzymes in general and how they
can be exploited electrochemically together with the challenges faced. As one of the
most prominent problems when using cyclic voltammetry for the study of redox enzymes
is the existence capacitance currents, a major part of this work focuses on exploring
an alternative, large amplitude fast Fourier transform alternating current voltammetry
(FTacV), so as to overcome this obstacle. The investigation of FTacV takes place for
both free in a solution and immobilized on an electrode surface electroactive species.
The respective results for cyclic voltammetry are presented as well for comparison.

Starting with the free species, the chief observables, i.e. peak height, peak width
and peak potential of the principal peaks, are determined for FTacV for a reversible
reaction of free electroactive species. The values of the chief observables are derived from
a semi-analytic solution as well as from the solution of the full initial-boundary value
problem. A condition under which FTacV is independent of scan rate, up to the fifth
harmonic, is introduced. The dependence of the chief observables on the parameters
of the system is shown. Then, the case of quasi reversible and irreversible kinetics is
studied correlating the chief observables with the electrode kinetics. Moreover two step
electron reactions are examined in order to get a visual representation of the resulting
voltammograms. Two mechanisms are also explored when coupling an electroactive
species with a homogeneous reaction. The first is the EC mechanism and the second the
homogeneous catalytic reaction scheme. Convolution voltammetry is also introduced
in this work as some of its aspects would of use in the experimental part of this work.

The analysis that comes right after that concerns the immobilized species. Start-
ing from an one step reaction of an electroactive speceis doing a similar study to the
one conducted for the free species, moving on to two step reactions. As a next step,
the coupling of the redox reaction of the immobilized species with a reaction that
concerns a species free in the bulk solution shall follow. More specifically the Michaelis-
Menten kinetics of an immobilized enzyme shall be thoroughly analyzed as the case of
an electrochemical-chemical (EC) mechanism. Methodologies regarding the extraction
of kinetic constants are also introduced.

Moving on to the experimental section of this work, Lytic polysaccharide monooxy-
genases (LPMOs) are introduced and the expression process of three LPMOs with two
different expression vectors is analyzed. These expressed LPMOs are then immobilized
with two different methodologies and kinetic information is obtained regarding both the
interaction of the immobilized enzyme with the electrode and the interaction of the en-
zyme with phosphoric acid swollen cellulose (PASC) using FTacV. The methodologies
that are introduced earlier are utilized in this case.

The next step is to examine possible electron donors that work with the LPMOs
electrochemically using cyclic voltammetry, FTacV and convolution voltammetry. Var-
ious phenolic compounds and lingin from wheat straw are first examined as electron
donors with an LPMO analyzing their reaction products with high-performance anion-
exchange chromatography with pulsed amperometric detection (HPAEC-PAD). Then,



based on the elution patterns and the presence and intensity of the oxidized products, in
combination with the voltammetric data, an interpretation was given to the interaction
of these substrates as reducing agents for the LPMOs.

In the last part of the work, a laccase like multi copper oxidase from the fungus
Thermothelomyces Thermophila is examined immoblized on an electrode surface and
its interaction with epinephrine using FTacV. The application of the theory of probing
an immobilized redox enzyme reacting with a free in the solution substrate following a
Michaelis-Menten kinetic scheme is thoroughly examined.



[MepiAndn

H napotoa epyacia eotidlel otny e€orywyr| VEpUOBUVOIXMY X0l XIVNTIXWY BEDOPEVKDY O&-
1000y WYIX®Y EVIOUOY XS Xal LopiwY Tou avTdpoUY UE AUTH, HECEK NAEXTEOY NUXOY
TEYVIXOY. LNV eloaywy T epyastag autig, Tpoyuatonoteiton ula yevixr| emtoxdnnon
Yoo Tor o&etdoavarywyixd VLU X0t TOU TWS UTOPOuV Vo aélomoindoly NAEXTEOY MU,
xS X TWV BUOXOAWY TTou ePavilovTol.

Kadddg éva amd o wpta mpofPAriuato 6tav yenotroteiton 1 xuxhix; BohtopueTtelo yia
TNV UEAETT 0ZEB0oVayWYIX®Y EVIOUOY €ivor Tor QEUHUTA AOYW YWENTOTNTAS, £Va UEYEAO
HEPOC TNG BOUAELAG QUTAC EMUXEVIPWVETOL GTNV OLEEEdVNOT TG YENONS TNG XUXALXNG
Bohtapuetplog EVOAAGTOUEVOL PEUUOTOS BLATUREAY G UEYEAOU TAUTOUS UE UETATY NUATIONO
Poupé, (large amplitude fast Fourier transform alternating current voltammetry -
FTacV), wc EVOAOXTIXT YL TNV dpoT Tou Tpoavageplévtog eunodiou. H diepedvnon
¢ FTacV yiveton xan yior ehediicpar 6T0 DIGAUUO X0 YLoL XV TOTIOLNUEVOL GE NAEXTEOOL-
o) emipdvela, niextpoevepyd eldn. Topotievton xon ta avtioToyo amoteAéopata yio TV
xuxAy| Boltauuetelo yia oUyxpLo.

EexvovToag and 1o eAelepo ldog, Ta xuplwg Tapatneolueva ueYEDT, dnhadr| To Uioc,
TO TAGTOS X0 TO BUVOUIXO TWY X0RUPKY, TeocdlopilovTon yia EAEUUEQU GTO BIGAUUO NAEX-
TpoevepYd €lon 6tav yenowornoteitar . FTacV. Ou twéc towv xuplowg mapatnooluevmy
ueyedwy mpoodioptlovton amd uio nutorvoluix Abom xodog xaL amd TNV OAOXANEWUEVY
AOOT TOL TEOPBAAUATOS aRYIXWV-CUVORLAX®Y T®Y. Elooyetou enlong pla ouvivxn xatd
¢ onola 1 FTacV xodiotatoan ave&dotnmn tne toydtnrag odowone xou e€dyovial ot
eCopTNOELC TWV %VPlKC TOEATNEOVUEVKY UEYEVMY antd To TAdTog Tng dutapayfc. Katdmy
e€etdleTol 1) TEQIMTWON NULAVTIOTEENTAOV Xl AVOVTIOTEETTWY XvNTX®Y, cuoyeti{ovTag
Tor xuplwg TapatnEolueva PEYEDN pe TV nhextpoynuwt| xvntr. Emlong, ueietwvron
dpdioelc 6V0 oTadlwy xou YIVETOL YRAUPXXT AVATUEdoTACT) TV BOATUUUOYRUPNUATWY TOU
TEoXOTTOUY.  Axdua 600 unyoaviouol e&epeuvidvton xatd Ty cLLEVEN eVOC NAEXTEOY T
o0 eidoug ue plo ogoyevh ynuxr| dpdor. Ilpoyuatonoteiton axodua pio elooywyr otny
Bohtapuetpio cuvENENS, 1 omold Vo yenotuonondel oe XoUUdTL TNS AVEAUCTIC TELQOUATIXGY
ATOTEAEOUATODV.

H auéowe enduevn avdiuon agopd oe omavntomoinuéva €dn. H avdivon Cexwvdel
amo OPACELS EVOG GTABIOU YLoL OXVNTOTIONUEVY NAEXTEOEVERYS €(0T), AAVOVTAS TaPOUOLYL
avdAuom ue autry yio To eEAediepo eldog, pTdvovTag ot dpdotlc 500 oTadlwy. Ye emOUEVT
@dom peretdron 1 oVCeLn NG OZEWBOUVAYWYIXAS DRACTS axvNTOTOINUEVOL ElboUC e plo
dpdion oL aopd oE Y NULXO eidog Tou Boloxeton eheliepo GTOV xUpLo Y %O TOU BLIAVUTOC.
Ewwdtepa, ot xivntixég mou avoddovta ebvan 1) )t Michaelis-Menten xou to cevdpto
omou ulo ynuwr avtidpoon énetar g nhextpoynuixhc (unyoviopos EC). Avakbovtar ot
avtioTolyec YeoBOAOYIEC TOU APOPOLY OTNV ECUYWYY) XIVNTIXWDY O TAVERMY.

Yuveyilovtag 6To TEWRUPATIXG XOPudTL TNE epyasiag, lodyovtal ol Bacixéc Evvoleg
YOpw amd Tic ATxég povoEuyevdoeg Tov tohucaxyoprtody (Lytic polysaccharide monooxy-
genases - LPMOs) xou avolbeton 1 OtadLoxacion ETEPOAOYNG EXPEUOTIC TEUWDY TETOUWY EV-
COuwyv ot 600 dragopetiar cuoTHato. To exppoaouéva EviuUo XUTOTLY 0XIVNTOTOLOUVTOL UE
000 SLapopeTinég uedodohoyieg xon e€dyovTaL XVNTIXEC TANPOYORIES OYETIXG UE TNV AT
AeT{Bpoiom TG00 TS BEoTC TOU oXvNTOTOINUEVOU £VEOUOU UE TO NAEXTEOOL0 XM XL UE
BLOYXWUEVY HE puopopxd 0&l xuttapivne (phosphoric acid swollen cellulose - PASC).




H yenowomowoluevn teyvixn yia authy v yehétn etvor . FTacV. Ot yedodoroyiec mou
YenoylomololvTa eival aUTES TOU EYOLV BN TUEOUCLAC TEL.

To emduevo BAua elvor ) nAexTEoY MUY UEAET TAVGY BOTOY NAEXTEOVIWY YLl TIg
LPMO pe ) yeron xuxhixrc Bortoppetolag, Boitopuetplog cuvéhing xou FTacV. A
APOPETINES POUVONXES OUGLES o Ay Vivn amd dyvpo e€eTdloVToL (¢ TEOS TNV ATOTENEC-
HOTIXOTNTE TOUG WG OOTEC NAEXTROVIWY YPNOWTOLOVTAS YEWUATOYEAPLA LOVTOEVUAAXY NG
umiric ambdoong oulevuYPéV Ue Tahuxd aumepoUeTEIXO avtyveuty| (high-performance
anion-exchange chromatography with pulsed amperometric detection, HPAEC-PAD).
Katomy, Bacloyevor 6o 0ZeBmUEvVa TEOIOVTO XoL TNV EVTOCT, TV XOPUPMY TV Ye-
OUOTOYPAUPNUETLY, OE CUVOLUOUO UE BOATUUUETOIXG DEdOopEVa, OiveTon punvelor yiow TNV
oM nhenidpoon Twv e€eTalOUEVLY 0UCLOY WS BOTEC NAexTEoviwy xat Tic LPMOs.

Y10 tehevtaio xouudTt auTAC NG BoUAEdg To éviugo Tou avoAleTton efvan pla of-
€08OT TOAMAUTAOY YOAXGY UE evepyoTNnTa Aoxdong and to woxnta Thermothelomyces
Thermophila evey efvar cxvnTOTOWNUEVO GTNY ETLPAVELX EVOC NAEXTEODIOU Ko AAANAETLORS
ue emveqpivn. T T uerétn auty| yenotponoteitan  FTacV. Iiveton 1 eqopuoyy| tng dew-
olag NG PEAETNG EVOC 0XUVNTOTIOUNUEVHOU OZEWBOUVOYwYIXoU eV(OUOU TOU avTIoEd e €val
eldoc eheliepo 67O Bidhupa xou oxoroudel xwvntixny) Michaelis-Menten.
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1. Introduction

The primary scope of this thesis is to exploit electrochemical methods in order to get
some insight into the reaction mechanisms of certain redox enzymes. But before getting
there we shall present a quick overview of redox enzymes, how they have been exploited
in electrochemistry up to now, the main challenges one can come up against and what
is proposed in this work as an alternative that can help in overcoming these problems.

To begin with, in general what we can define as redox enzymes, are proteins that
catalyze electron transfer by reduction or oxidation of substrates within a redox net-
work (i.e., glutathione peroxidases, glutathione reductases, peroxiredoxins, thioredoxin
reductases, glucose 6-phosphate dehydrogenase, catalase, etc.) [1]. These enzymes can
get involved in various biological processes, the most important of which may be the
bioenergetic metabolism [2].

Although such enzymes are very attractive to study ectrochemically since there is
electron exchange implicated in their action, there has been an important discouraging
factor, their size. Redox enzymes tend to have high molecular weights and their active
site is usually buried inside their structure making their study rather difficult as the
rate of electron transfer through the protein drops exponentially with distance. More
specifically, regarding the distance between the electrode surface and the enzyme’s
active center, fast electron transfer (sufficient to sustain substrate limited currents) is
restricted to around 0.8 nm or less, with the rate of direct electron transfer decreasing
by around 10* when the distance is increased from 0.8 to 1.7 nm [3].

One of the most common techniques employed in order to study such enzymes is
cyclic voltammetry. However problems that arise when using such a technique include
relative lack of sensitivity, the frequent appearance of broad ill-defined waves from which
potential values are difficult to ascertain as well as high capacitance currents.
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1.1 Mediated Electron Transfer

One way to study redox enzymes electrochemically avoiding such problems is to use
mediators' which shuttle the electrons between the redox enzyme and the electrode sur-
face. A schematic representation of such a process is presented in Fig. 1.1.1. Examples
of mediators include ferrocene derivatives, quinones, organic salts and metal bipyridine
complexes [5]. In such a system, the consumption of the mediator is detected as a
current wave resulting from its electrochemical recycling on the electrode. This means
that if for example the mediator is oxidized on the electrode surface and the reduced
form is constantly being produced from the reaction with the enzyme, the oxidation
current shall increase as it is a function of the concentration of the reduced form of the
mediator. The only species that interacts with the electrode surface is the mediator,
and the homogeneous catalytic process which occurs in the bulk of the electrochemical
cell is fundamentally the same as that in common solution assays where the enzyme
may be mixed in a cuvette with its substrate and a redox partner and a cosubstrate,
providing a source or a sink of electrons for the redox transformation of the substrate
EnZ{Dx} Met.l{l-ed}

and whose absorbance depends on its redox state [2].

SubstratE{red> <

Substrate,,, Enzfred)> < >E
Figure 1.1.1: Mediated electron transfer example with the substrate, the enzyme and
the mediator free in the solution. The reduced form of the enzyme’s substrate reacts
with the oxidizeded form of the redox enzyme giving the oxidized form of the substrate
and the reduced form of the enzyme. Then the reduced form of the enzyme reacts with
the oxidized form of the mediator, leading to the oxidized form of the enzyme and the

reduced one of the mediator. As a last step, the mediator is oxidized on the electrode
surface.

Solution
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Strong theoretical backgorund of such systems and how to extract the respective
kinetic constants from a mediated system in which the enzyme can be found free in
the solution, has been presented in the works of Savéant. The most notable works
include the study of a glucose oxidase with ferromethanol as a mediator [6] and the
study of horseradish peroxidase (HRP) using [Os(bpy)2pyCl]™ as a mediator [7]. The

Mediators are low molecular weight electroactive species which have large heterogeneous rate
constatns, react fast with the redox enzymes, have stable oxidized and reduced forms, and do not
autooxidate [4].
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kinetic constants implicated in the various steps were calculated and a methodology
is introduced for the determination of the kinetic consntants using cyclic voltametry
which has been useful and exploited in other enzymes as well [3].

Another variation includes the study of Desulfovibrio gigas cyt cs in solution was
oxidized at a basal plane pyrolytic carbon (PG) electrode, and its catalytic oxidation
of hydrogenase from D. gigas [9, 10]

Another approach when it comes to mediated electrochemistry of enzymes is the
immobilization of the enzyme on an electrode surface together with the mediator. Fer-
rocyanide, ferrocene carboxylic acid and other anions have been incorporated into elec-
tropolymerized polypyrole (PPy) films as counteranions without significant results due
to leakage of the mediator and stability issues [11].

1.2 Direct Electron Transfer

The second - and more difficult to achieve - method in order to study enzymes elec-
trochemically is via direct electron transfer of the enzymes. This feat can only be
achieved in case that the active site of the enzymes is not burried deep within the
enzyme structure.

Immobilized enzyme

Solution |
ayer
Substrate Enzymeeq) M
(D
(@'
t
—
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e Q.
SUbStrate{redJ Enzyme{ax} rD

Figure 1.2.1: Direct electron transfer of an enzyme immobilized on an electrode surface.
The substrate is free in the solution. The reduced form of the substrate reacts with
the oxidized form of the enzyme resulting in the oxidized form of the substrate and the
reduced form of the enzyme. The enzyme then is oxidized on the electrode surface.

To achieve this feat, over the years a number of methods have been employed in
order to immobilize enzymes on electrodes by adsorption or in thin films. These ap-
proaches allow the direct study of electrochemical properties of redox enzymes and
enzyme catalysis by direct voltammetry without the use of mediators. Such thin-film
methods include adsorption or coadsorption of enzymes onto electrodes [12], adsorp-
tion onto self-assembled monolayers [13], covalent linkage onto electrodes, incorporation
into lipid or polyion films, and layer-by-layer construction of enzymes with polyions or
nanoparticles [11, 15]. A schematic representation of direct electron transfer of an
immobilized enzyme with the substrate free in the solution is presented in Fig. 1.2.1.
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The efficiency of the redox conversion in the films which have immobilized redox
enzymes depends on: (a) the thermodynamics of the potential-driven redox reaction
in the film as controlled by the standard electrode potential E°* (b) the kinetics of
electron transfer at the film-electrode interface (c) the rate of charge transport within
the film, which may depend on counter ion entry and exit rates, and electron self-
exchange between redox sites, and (d) structural transformations coupled to electron
transfer, such as conformational changes [11].

Early electrochemical studies of redox enzymes that implicated direct electron trans-
fer suffered from adsorption and denaturation of the enzymes on the electrode surface
as well as irreversibility of the reactions [5]. Over the next decades the electrochemical
study of enzymes started focusing more on immobilization methods with redox poly-
mers being the prevailing one [17]. Still however, direct electron transfer was not the
most common option as a carrier maintaining high enzymatic catalytic activity was
something that was not achieved to a great degree of satisfaction.

Two of the main issues encountered during cyclic voltammetry of immobilized
species are the greater than the expected peak separation and the capacitive (charging)
currents due to the charge and discharge of the double layer on the electrode-solution
interface, with the second one being more prominent. Regarding the the peak separa-
tion, usually enzyme films on electrode surfaces are diluted with electrochemically inert
materials and redox centers are rather far apart. Consequently, peak widths are usually
larger than the expected ones®. Furthermore, an even greater peak separation appears
in the case of increased scan rate which can be attributed to slow electron transfer
between electrode and redox sites, slow transport of charge within the film limited by
electron or counter ion transport, uncompensated voltage drop within the film, and
structural reorganization of the film or enzyme accompanying the redox reactions.

When it comes to capacitance, it can be considered a problem of greater importance,
as when the enzyme concentration is low, the Faradaic signal under steady state condi-
tions following a Michaelis Menten reaction scheme is masked by the capacitance. One
example of how a signal of an immobilized enzyme can be distorted when capacitance is
implicated can be found in Fig. 1.2.2. In the absence of substrate (black line) the signal
is masked by the capacitance giving misleading information for the peak magnitude.
In the presence of a substrate one can also see that the sigmoidal expected signals in
the case where capacitance is absent, are also altered in the second scenario. Moreover
the effect of the catalysis is underestimated in the second case as the percentage of the
current increase in the presence of the substrate is decreased.

Thus, even though it is very common in the literature for such voltammograms
to be presented, they are not a precise source to extract kinetic data of the immobi-

2E° represents the equilibrium potential of an electrode under standard-state conditions, i.e., in
solutions with the relative activities of all components being unity and a pressure being 1 atm (ignoring
the deviations of fugacity and activity from pressure and concentration, respectively) at a temperature
T. In the case where the activities of the components deviate from the unity, the formal electrode
potential E” is used instead [16]. It is a measure of the tendency of a chemical species to acquire or
lose electrons and thereby be reduced or oxidized, respectively.

3More details about the peak separation in cyclic voltammetry shall be presented in the following
chapters.
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Figure 1.2.2: Computational example of a cyclic voltammogram of an immobilized
species reacting with a free in a solution substrate at increasing substrate concentrations
under steady state conditions following a Michaelis Menten reaction scheme (a) in the
absence and (b) in the presence of potential independent capacitive current.

lized enzymes. In case the capacitance is absent in the cyclic voltammetry, numerical
studies have been performed by Limoges and Savéant, giving a thorough analysis and
methodology to extract the desired kinetic information [18, 19].

1.3 FTacV

Although it is common practice to subtract the capacitative current form a cyclic
voltammogram, the procedure can be quite painstaking and result might still not be
the desired one.

In the past, techniques that perturb the applied potential, such as square wave
voltammetry (SWV), differential pulse voltammetry (DPV) and small amplitude ac
voltammetry have been employed to overcome the issue of capacitance of cyclic voltam-
metry with examples of the employment of SWV on molecules of biological importance
[20, 21]. In the case of ac voltammetry, for reasons of simplicity, small amplitude si-
nusoidal signals have been applied, as for high amplitudes, the responses tend to be
nonlinear [22, 23]. Nevertheless, due to the development of both analytical and nu-
merical methods, large amplitude signals are applied in ac voltammetry, similarly with
DPV and SWV, leading to the rise of large amplitude Fourier transform alternating
current cyclic voltammetry (FTacV) [22, 24].

An intensive effort has been made for the development of FTacV [25, 26, 21]. As
in other alterations of cyclic voltammetry (i.e. DPV, SQW) in which the concept is
to perturb the applied potential of cyclic voltammetry in order to amplify the elec-
trochemical signal, in FTacV a constant frequency f sine wave with amplitude Ay is
imposed on the cyclic voltammetry potential dc ramp generating an alternate current
(ac) waveform, as depicted in Fig. 1.3.1. However, the method does not stop at this
point. The resulting ac voltammogram undergoes a Fourier transformation so as to
convert the current-time data to the frequency domain. Then, in the resulting power
spectrum, peaks (bursts) appear around the multiples of the applied frequency. At
each distinct peak of the power spectrum inverse Fourier transformation is applied.
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Figure 1.3.1: Potential ramp and respective voltammogram for (a) cyclic voltammetry
(b) FTacV for a pertrubation amplitude Ay = 100 mV and frequency of f = 3 Hz (c)
FTacV for a pertrubation amplitude Ay = 250 mV and frequency f =3 Hz.

The resulting voltammograms are called the harmonic components of the analysis. The
order of the harmonic is defined by the order of the burst from the power spectrum
that underwent inverse Fourier transform. For example if applied f was 4 Hz and the
burst that undergoes the inverse Fourier is at 20 Hz, then the resulting harmonic shall
be the 5th one as it is the 5th burst in the power spectrum. Now for the case of an
electrochemically reversible reaction, the resulting harmonics have peaks equal to the
order of the harmonic. Regarding the odd harmonics their characteristic is that they
have one dominant peak while the even ones have two identical dominant peaks. An
interesting point is that in the case of the odd harmonic the E° can e extracted from
the potential value of the dominant peak, while for the even ones, from the minimum
that lies between the identical dominant peaks. An example of the process of the signal
processing along with the resulting harmonics is presented in Fig. 1.3.2.

The main advantage of this method is that in the higher harmonic components
resulting from the analysis, the background current, i.e. capacitative current, is di-
minished, thus leading to a clear Faradaic current response due to the electrochemical
reaction, which could be very useful in the study of redox active proteins where the
background currents prevail over the faradaic ones [25, 20].

Over the last decades, several approaches have been followed for the analysis of large
amplitude ac-voltammograms. Among them, the works of Mooring and Kies [27], Eng-
blom et al. [28] and Gavaghan and Bond [29] stand out, for the description of reversible
electrode reactions. Regarding the immobilized species approximate analytic solutions
for the reversible case have been published in the past, as well as numerical calcula-
tions for quasi-reversible conditions [30]. Similar simulations have been performed for
the redox reaction of azurin, immobilized on a paraffin-impregnated graphite electrode
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[26]. The effect of the transfer coefficient and kinetic constant on the shape of the
harmonics has been shown and the effect of perturbation frequency and amplitude has
been discussed. A methodology for the determination of kinetic and thermodynamic
parameters has been proposed, based on the peak separation of the analytic signal,
obtained by Hilbert transform [23]. An elegant methodology, based on analytic or
approximate solutions for high perturbation frequencies has been analyzed both for
the case of large amplitude sinusoidal voltammetry [31], as well as large amplitude ac
voltammetry [32]. An alternative methodology was also proposed, mainly based on di-
rect numerical simulation and comparison of theoretical harmonics with experimental
ones [25, 33]. Numerical simulations and experimental studies concerning the case of a
two-electron process of immobilized species [31] as well as theoretical analysis for more
complex chemical scenarios [35] are worth mentioning.

One of the scopes of the present work is to analyze further large amplitude FTacV
response for both free and immobilized species and examine various kinetic scenarios
of coupling electrochemical reactions with chemical ones while monitoring the electro-
chemical ones.
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2. Voltammetry of Free Electroactive Species

One of the most commonly examined systems in electrohcemistry is that of a free
in a solution electroactive species reacting on an electrode surface. In such a case,
reactive species are diluted in the electrolytic solution and transported to and from the
electrode surface by diffusion. In this section, different cases concerning the reaction of
free electroactive species shall be examined. A comparison shall be made between the
already established analysis of cyclic voltammetry with new ones that concern FTacV,
regarding one step and two step electrochemical reaction processes, the EC mechanism
and the monitoring homogeneous reactions.

In the last section of this Chapter, convolution voltammetry shall be introduced
for a number of possible scenarios as well. Although there is an already established
methodology concerning convolution voltammetry, in this work it was considered use-
ful to gather and reproduce some of the most common scenarios since there was no
previous experience with this technique. The analysis of convolution voltammetry will
be supplementary to other techniques and could be useful in the interpretation of some
experimental results in the following Chapters.

The analysis introduced in this Thesis starts with the free in a solution electroactive
species and not the immobilized one, because although the second occasion could be
considered more accessible and less complex in the analysis, most are acquainted with
the fundamental aspects of cyclic voltammetry in free species.

The results that will be introduced in this chapter are computational and are derived
either from calculations and solving differential equations with the use of the software
XPPaut [1], as well as with the Finite Elements Method (FEM) in more complex cases.

After this Chapter is concluded, one shall have a basic understanding of FTacV in
comparison with cyclic voltammetry and shall be in position to interpret basic as well as
more complex voltammograms of free electroactive species. Regarding the exploitation
of these results in this work, they shall be of most help in the interpretation of the
electrochemical behavior and oxidation mechanism of compounds working as electron
donors for the enzymes belonging to the family of the LPMOs.
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14 2.1. One step electron transfer

2.1 One step electron transfer

2.1.1 General formulation for CV and FTacV

Let us assume a redox reaction of a free in a solution electroactive species that exchanges
electrons with a solid electrode surface. In the simplest case, a one step n electrode

redox reaction is considered,
kO

Ox + ne Red

where the chemical species is initially in its oxidized form Ox, and can be reduced to
Red. For the first part of the analysis, a sufficiently large standard electron transfer
kinetic constant &Y is considered, so as the mass transfer of the electroactive species
is the rate determining step of the process and thus electrochemical kinetics shall be
ignored. Convection of the species are also absent, i.e. the electrode is stagnant and
natural convection is ignored.

Some additional assumptions are considered for the analysis of the aforementioned
system and they are listed below:

e The electrode is uniformly accessible by the electroactive species, ignoring effects
at the edges of the electrode resulting in an one dimensional problem

e Flow due to migration of electroactive species shall be ignored due to the presence
of supporting electrolyte.! Uncompensated resistance (IR-drop) effects are also
considered negligible

e No adsorption of electroactive species is considered and surface coverage is also
regarded as zero

e Capacitance of the electrochemical double layer is considered potential indepen-
dent, and thus charging currents are assumed proportional to the scan rate

Under the above assumptions, the mass balance equation can be written as

dey, Jx
— = - 2.1.1
ot ox ( )
where the flux j, is given by Fick’s law,
8Ck
= —Dp— 2.1.2
Jk o (2.1.2)

for k = 1,2. Thus, ¢i(x,t) and ca(x,t) correspond to the concentrations of the oxidant
and the reductant, respectively.

The concentrations are expressions of both space and time ¢ (z,t) and the initial
conditions for this particular problem are ¢;(z,0) = ¢} and ¢y(x,0) = 0 signifying that

!Supporting electrolyte is an electrolyte containing non electroactive species - in the potential range
examined - and has an ionic strength much higher than the electroactive species of the species in the
solution [2].
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only the Ox species are initially present in the solution, with the concentration on the
electrode surface being the same as the concentration in the bulk solution, while there
is no Red species in the solution.? Moreover, equal diffusion coefficients are considered
for the Red and the Ox species, D = Dy = Ds.

Far® from the electrode surface (z = L) the boundary conditions for the concentra-
tions are ¢;(L,t) = ¢} and ¢o(L,0) = 0, i.e. the amount of the produced reductant can
be considered negligible.

At the electrode surface (at x = 0) the flux of the Ox species is equal and opposite
of that of the Red species which translates to the following boundary conditions,

1(0,1) = —ja(0,1) = E 2.1.3

j10.0) = —5ol0,1) = 5 (2.13)
where the Faradaic current® density obeys the Butler-Volmer law and is given by the
following equation,

ip = nFk° [CQ(O, t)e(l_}?%nF (BO-E _ ¢ (0, t)e—aﬁf (E(t)—E°) (2.1.4)

where a is the transfer coefficient and E° the standard (or formal) electrode potential.

The term E(t) represents the electrode potential which is scanned with a scan rate”,
v, beginning at initial value value of E;, more positive than E° to a reversal value Er
more negative than E°. The time that corresponds to the instant that the potential
reaches ER is called reversal time tg and is equal to %

After the potential reaches the value of tg , the potential is reversed back to Ef.
In the case of FTacV, the potential is also perturbed by a sinusoidal perturbation of
frequency f and amplitude Ay. The expression of the potential dependence against
time is presented below,’

E(t) = Er — vtg + v|t — tg| + Agsin 27 ft for 0 <t <2ty (2.1.5)
For the case of cyclic voltammetry the last term is omitted

E(t) = Er — vtg + v|t — tg] for 0 <t <2ty (2.1.6)

2Concentrations in the bulk solution are symbolized with an asterisk and are considered time and
space independent.

3By this term, a distance L from the electrode surface is considered over which the concentration
of species can be assumed time and space independent.

4The current generated by the reduction or oxidation of some chemical substance at an electrode.

5Also referred as sweep rate.

6Tn case of the reverse process- starting from a potential more negative than E° reaching a reversal
potential more positive than E°, the equations for FTacV and CV respectively are,

E(t) = Ey + vtg — v|t — tr| + A sin 27 ft for 0 <t <2ty
E(t) = E; + vtr — v|t — tr] for 0 <t < 2tg
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Figure 2.1.1: Example of cyclic voltammetry for free species,for ¢; = 1 mol/m3, v =
50 mV/s, D = 1 x 107 m/s. (a) Potential F against time ¢, (b) current density i
against time ¢ and (c) ¢; concentration of Ox (black line) and ¢y of Red species (red
line), against time ¢.

By summing up the Faradaic and the non-Faradaic current density (capacitance
current density), ic = Cdl% the following expression is obtained for the total current
density,

(1) = in(t) + Ca (07— + 2] Ay cos 2 f) (2.1.7)
|t — tr|

where Cy is the specific capacitance of the double layer.
As the sum of the fluxes on the electrode surface shall be equal to zero, the boundary
conditions for very fast kinetics are

31(0,1) + j2(0,£) =0 (2.1.8)
1 ,t = C2 ,t 6% —E" .
c1(0 0 (E(t)—E7) 2.1.9
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Figure 2.1.2: Example of FTacV for free species for ¢ = 1 mol/m?® v = 50 mV /s,
A=0.1V, f=3Hzand D =1x10"" m/s. (a) Potential E against time ¢, (b) current
density ¢ against time ¢ and (c) ¢; concentration of Ox (black line) and ¢; of Red species
(red line), against time ¢.

where, in the second equation, we recognize Nernst equation.

Schematically these scenarios are presented in Figs 2.1.1 and 2.1.2 for cyclic voltam-
metry and FTacV, respectively, where in both cases the first diagram refers to the sweep
of the potential, the second to the current response and the third to the concentration
of both forms of the electroactive species on the electrode surface. For the case of cyclic
voltammetry one can see that as the potential is swept towards negative (cathodic)
values, a peak appear in the current diagram. The currents during the reduction are
negative. Looking at the concentration profile on the electrode surface it is also appar-
ent that as the potential is swept cathodically, the concentration of the Ox species is
decreased whereas that of the Red species increases. The current peak appears when
the two concentrations have the same value. Respectively, when the scan is reversed
and the potential is swept to more positive (anodic) values, again a current peak is
observed. The anodic currents are positive and by observing the concentration profiles
at the surface, as the concentration of the Red species decreases, the concentration of
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E/V

Figure 2.1.3: Example of a (a) cyclic voltammogram and a (b) FTac voltammogram
against potential for free species for ¢f = 1 mol/m?® and D = 1 x 107 m/s. For the
cyclic voltammogram v = 50 mV/s and for the FTac voltammogram v = 50 mV /s,
f=3Hzand A =100 mV/s.

the Ox one increases. Again, the oxidation peak appears where the two concentrations
have the same value.

By looking at Fig. 2.1.2 and comparing it to Fig. 2.1.1 it is rather clear that the fine
lines found in the CV are substituted by perturbed ones, due to the superposition of a
sinusoidal signal to the potential ramp. The most interesting part is that the current
appears to have positive and negative values during both the anodic and the cathodic
scan, as the potential is now shifted towards both anodic and cathodic values while in
either the anodic and the cathodic scan.

In Fig. 2.1.3, a comparison between the voltammograms of cyclic voltammetry and
FTacV against the potential is shown. One can notice the amplification of the elec-
trochemical signal in the case of FTacV for a perturbation amplitude of 100 mV and
frequency of 3 Hz. The resulting peaks are more than 5 times the magnitude of the
simple cyclic voltammetry scan, which shows a glimpse of the the advantages FTacV
can have when augmenting the electrochemical signal of a reversible reaction.

2.1.2 Semi-Analytical Solution for CV

In cyclic voltammetry, it has been shown that in the case of the reduction of an oxidized
form of free species at a initial concentration cj, the current can be expressed in a
dimensionless expression as follows [3, 4],

l ™ abey(n) 1

th Ve It en(=9

(2.1.10)

where,
o Ty = %t is the dimensionless time for cyclic voltammetry
o { = %(E — E°) is the dimensionless electrode potential

° = _— %t s the dimensionless current for cyclic voltammetr
Vov = ey Y '
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Figure 2.1.4: Dimensionless cyclic voltammogram for a reversible reaction. Annotated
magnitues: ¢y ey — ¥z o (black) and ¢y, ¢y (ved).

In the dimensionless variable above, S corresponds to the electrode surface area, R to
the ideal gas constant, T to the temperature and F' to the Faraday constant.
During the cathodic scan the current against the potential is expressed as,

1[5 to(n) dn 1 (2.1.11)

T Jooo /(T = 1) 1 + exp(—¢)

At a first glimpse of Eq. (2.1.11), the current should depend on the initial potential
Fi, but as the Ey is considerably away from E°, this dependence vanishes.”
The chief observables of a cyclic voltammogram, see Fig. 2.1.4 are,

e o, = —0.446 (dimensionless peak current for cyclic voltammetry)
e {, ., = 1.1 (dimensionless peak potential for cyclic voltammetry)

® &pov — &2 oy = 2.20 (dimensionless peak width for cyclic voltammetry)

Taking these dimensionless chief observables, we can revert them back to their re-
spective expressions with dimensions in the following equations,

Fv

ipev = —0.446 FS¢iVD T (2.1.12)
T

Epew = E° — 1.11% (2.1.13)
RT

By ov = Epoy = 220— (2.1.14)

Thus, the current is proportional to the electroactive species concentration in the
bulk solution and the square root of the scan rate, according to Eq. (2.1.12). The peak

"Experimental experience shows that 400 to 500 mV away from the standard potential are usually
sufficient so as the the signal is not disturbed.
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potential in the case of a reversible reaction is independent of the scan rate and 28.5 mV
more negative than the E° at 25 °C, see Eq. (2.1.13). Moreover, at 25 °C the peak
width corresponds to 56.5 mV, see Eq. (2.1.14). One more important and widely used
criteria from this analysis for checking the reversibility of a system is that the distance
between the oxidation and the reduction peak shall be 2.221“3—FT.8

2.1.3 Semi-Analytical Solution for FTacV

A similar analysis is to be attempted for the case of FTacV, where the ac-voltammogram
can be given from the following expression

n i ¢ac,F(Z> o
- | e = b (2.1.15)

where

° waC’F:Wfo is the dimensionless current in FTacV

e 7,.=ft is the dimensionless time in FTacV

e n the number of electrons

o 3= 2 the dimensionless concentration of the reductant.
1

Moreover the dimensionless concentration of the reductant can be written as,

- 1

The corresponding dimensionless concentration of the oxidant &(7) can be expressed
as the ratio ¢;/cf.

It should noted that in the chosen dimensionless equations, the number of electrons
n appears as a parameter, in contrast to the classic choice of dimensionless variables
where n appears in the expression of the perturbation amplitude, potential and current
[0, 6, 7]. The choice of the present dimensionless equations offers the advantage of a
direct comparison of the chief observables for different number of transferred electrons
under the same experimental conditions (potential and amplitude).

In Eq. (2.1.16), £ = #=(E — E°) is the dimensionless electrode potential”.

Now, the Eq. (2.1.5) shall be rendered dimensionless resulting in Eq. (2.1.17)

§(r) =& — ot + 0|t — Tr| + g sin 27T (2.1.17)
for 0 < 7 < 2. In Eq. (2.1.17),

& — &Rl

TR = ———

o

8Tn this analysis a one electron process is considered. For an one-step two electron process, the
current shall be multiplied with 2 while the peak position, peak width and peak distances shall be
divided by 2.

9The same dimensionless electrode potential is used as in cyclic voltammetry.
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is the reversal time, & (EI—EO) the initial potential, (g = (ER EY) the reversal
potential and ¢ = RT f
amplitude is ag = AO

Equation (2.1.15) can be solved for 1,. r(7), resulting in,

Yaep (7) = _%[&ﬁ) +/0 \/ﬁ%dz} (2.1.18)

where the analytic form of the derivative of the concentration is,

n o é::; + 2w cos 2Tz

b(z) = ——
2) 4 cosh®[0.5n(& — TR + 0|z — TR| + g sin 27z))]

(2.1.19)

Setting y = +/7 — z, and taking into account that for large values of the initial potential
the first term of Eq. (2.1.18) vanishes, we get,

n2
2\/_

NG H—| + 21y cos 27 (T — y?)
/O cosh?[0.5n (& — omr + 0|7 — y? — TR| + ap sin 2w (7 — y?))]

¢ac F( )
(2.1.20)

dy

The integral above can be evaluated with the trapezoidal rule. Hence, we arrive
to the following semi-analytic determination of the Faradaic component of the ac-
voltammogram,

n2A o8 4 2w cos 2T
Yaep(7) = 5= { 5 g x
’ 24/ L2 cosh®[0.5n(& — omr + 0| — Tr| + apsin T)]

(2.1.21)

Z 0% + 2mag cos 2w (T — (jh)?) }
= cosh?[0.5n (& — ot + 0|7 — (jh)? — Tr| + g sin 27 (7 — (jh)?))]
where A is the step of the trapezoidal rule.

Assuming a potential independent double layer capacitance, the capacitive compo-
nent of the ac-voltammogram is written,

Yac,c = M(U TR 2T COS 27r7> (2.1.22)
|7 — &
where p = Ff : DCdl is the dimensionless double layer capacitance. Therefore, the

semi-analytic Solutlon of the complete ac-voltammogram, ©,c(7) = Yac,p(T) + Yac,c(7),
is,

g

nzA{ T 270y cos 27T
2y/7 L2 cosh?[0.5n(& — omr + o|T — Tr| + apsin T)]

—(jh)°—r

Z am + 2mag cos 2w (T — (jh)?) }
= cosh2[0.5n(& —otr + 0|7 — (jh)? — | + agsin 27 (7 — (jh)?))]

Yac(T) =

u( ’T_T |+27ra000527r7>
T — TR

(2.1.23)
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20 0 -20 0

Figure 2.1.5: (a) Dimensionless ac-voltammogram (black) and dimensionless voltam-
mogram (red) for ag = 3.893, u = 1.458 x 1072, o = 0.648, and n = 1, together with
the dimensionless cyclic voltammogram (g = 0). (b) dimensionless concentrations on
the electrode surface under the same conditions.

The advantageous aspect of Eq. (2.1.23) is that it can be easily applied iteratively,
without the use of additional algorithms. By inspecting this equation, it is evident
that the contribution of the capacitance current on the Fourier coefficients of the total
current is,

T—T

0 —9 MU—R

|7 — TR
= 2mag i

2

that is, the effect of capacitance current is eliminated for harmonic components higher
than one, provided that the capacitance is independent of the electrode potential'”.
Having taken into consideration the correlation between the current and the other
factors used in the dimensionless expression of the current (diffusion coefficient D, bulk
concentration ¢ and frequency f), the remaining principal experimental parameters
affecting the ac-voltammogram are o and o, corresponding to the perturbation ampli-
tude and scan rate, respectively, along with the initial potential &, and the reversal time
Tr. Moreover, it depends on two physical parameters, i.e. the double layer capacitance
1 and the number of transferred electrons, n. For large enough values of & and 7R, the
chief observables of the voltammogram are independent of these parameters. Moreover,
the voltammogram can be independent of the scan rate under specific conditions - we
shall discuss this particular subject in the next section. Therefore, the voltammogram
actually depends on one experimental parameter, namely, the amplitude and two phys-
ical parameters, the double layer capacitance and the number of electrons. As already

1Tn most experimental systems the capacitative currents are not potential independent. Experi-
mental experience shows that while using carbon based electrodes, harmonics higher than the 3rd one
are usually needed to get rid of the capacitance.
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Figure 2.1.6: Dimensionless harmonic components for oy = 3.893, 1 = 1.458 x 1072,
n =1 (black curve) and n = 2 (red curve).

discussed, harmonics higher than the first, tend to be independent of ;1. Thus, the chief
observables are expected to depend on amplitude and number of electrons only. A typ-
ical example of the semi-analytical solution is presented in Fig. 2.1.5(a) together with
the corresponding cyclic voltammogram. The concentrations of Red and Ox species on
the electrode surface are presented in Fig. 2.1.5(b). In Fig. 2.1.6, the first six harmonics
are presented for ay = 3.893 and p = 1.458 x 1072, Notice that the capacitive compo-
nent 2wagu contributes only to the first harmonic, thus all higher harmonics represent
any experiment performed with ay = 3.893, corresponding to a reversible system with
n =1 (black curves) and n = 2 (red curves).

By inspecting Eq. (2.1.23), it is realized that the Faradaic current, as it occurs from
the dimensionless current 1 will be proportional to the bulk concentration of the oxi-
dant, the square root of the diffusion coefficient and the square root of the frequency.
Moreover, a dependence on scan rate, number of electrons and perturbation amplitude
exists, which is not evident from the equations. The dependence of 1) on f'/? constitutes
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Figure 2.1.7: Effect of the dimensionless scan rate o on the 5th, 6th and 7th harmonics.
Parameter values: ap = 3.89, n = 1 and o0 = 1.038 (black), 1.298 (red) and 1.427
(blue). The smooth lines correspond to the respective moving averages of the bursts
for reasons of visualization.

an advantage of the method since the harmonic components are amplified for increas-
ing values of the frequency. In the following section, a condition for independence of
scan rate will be derived and the relation of the harmonics on the above mentioned
parameters will be investigated numerically. All numerical calculations have been per-
formed by solving both the initial-boundary value problem introduced earlier and the
semi-analytical formula, Eq. (2.1.23). The results were identical, provided that k° was
sufficiently large.

2.1.4 Independence of scan rate

In FTacV, experimentally, the two parameters that are to be altered so as to enhance
the electrochemical signal are the amplitude, Ay, and the frequency, f, of the applied
sinusoidal perturbation. The signal is resolved in the frequency domain, meaning that
the role of frequency analogous to the scan rate is in cyclic voltammetry. Taking this
into account, it must be assumed that the FTacV signal is independent of the scan
rate. The frequency shall be adequately high for a given value of the scan rate so
that the independence holds. Concerning this topic, a thorough analysis has been
introduced by Bell et al. [5]. Here, an attempt has been made for a more practical
approach, by introducing a quantitative relation between the frequency and the scan
rate. This relation is valid up to the 5th harmonic, and could be of use while analyzing
experimental signals, as the contribution of the capacitance at such high a harmonic is
usual absent.

In an attempt to quantify the relation between the perturbation frequency f and
the scan rate v, we shall recall that the dimensionless scan rate is o = %? This can
be translated to o ~ 38.92% at T" = 298.15 K. Thus, the correlation between f and
v can be revealed by studying the effect of ¢ on the dimensionless voltammogram, or
more specifically, on the Fourier spectrum of 1. The present discussion shall be limited
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Figure 2.1.8: Effect of scan rate. (a) Power spectra of ac-voltammograms around 30 Hz
(5th harmonic) and n = 1, (b) minimum frequency against scan rate for n = 1 (white
circles) and n = 2 (black circles), (b) 5th harmonic for different scan rates for n = 1.
Scan rate values: 5 (black), 10 (red), 25 (blue), 50 (green) and 100 mV /s (magenta).
Parameter values: f = 5 Hz, Ag = 100 mV, ¢ = 1 mM, £° = 100 m/s, E° = 0 V,
D =10"2 m?/s, T=298.15 K.

up to the 5th harmonic, as the experimental experience indicates that above the fifth
harmonic the magnitude of the voltammograms drops during the analysis of the results
and higher order harmonic components are not easily distinguished.

The effect of ¢ on the Fourier spectrum is depicted in Fig. 2.1.7, where the 5th,
6th and 7th harmonics are shown together with the corresponding moving averages, for
reason of visualization. By paying attention the spectra as well as the corresponding
moving average for o = 1.038, that is, for f = 37.49v (black curves), it is quite obvious
that the harmonic components up to the 7th harmonic are clearly separated. In the
case of 0 = 1.298 (red curve) where f = 29.98v all harmonics up to the 6th are
separated while an overlap is noticed between the 6th and 7th harmonic components.
The situation changes dramatically for a lower value o = 1.427 (black curve). In
this case, where f = 27.27v, the 5th and 6th harmonics overlap and thus, cannot be
distinguished.

In order to realize the correlation between the frequency and the scan rate, the 5th
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harmonic component of the power spectrum of an ac-voltammogram is presented in
Fig. 2.1.8(a), for f = 6 Hz, Ay = 0.1 V and different scan rates. In every case, the
ac-voltammogram corresponds to a reversible reaction by setting a very large value of
kY in the initial-boundary value problem. It is evident that as the scan rate increases so
does the width of the burst of the 5th harmonic. The analysis of the power spectrum
becomes problematic when the bursts of different harmonics start overlapping, thus
rendering the inverse Fourier transformation around a certain harmonic component
impossible.

In Fig, 2.1.8(b), the minimum frequency for which the 5th and 6th harmonic do
not interfere is plotted against the scan rate, for n = 1 (white circles) and n = 2
(black circles). The slope of this linear curves is fum/v = 30.1n V™!, which is in close
agreement with the results presented in Fig. 2.1.7. Hence, a proposed condition so as
that FTacV is independent of the scan rate up to the 5th harmonic is,

nkF
> 0.77T— 2.1.24
f>0 77RTU ( )

provided that the reaction is reversible for the chosen values of f and v.

It should be noted that the width of the bursts is independent of the applied fre-
quency and amplitude and is affected only by the scan rate (results not shown). In
Fig. 2.1.8(c) the 5th harmonic component for different scan rates are presented, under
the same parameters (notice that the r—axis is the electrode potential). It is evident
that as long as the bursts do not interfere, there is no difference in the voltammograms
that arise from the analysis for the different scan rates.

2.1.5 Effect of amplitude and number of electrons

While the condition of Eq. (2.1.24) is imposed, the two parameters affecting the chief
observables, i.e. the peak height, the width at half maximum (for the odd harmonics)
and the peak potential (for the even harmonics) of the principal peaks, are the amplitude
ap and the number of electrons n.

In Fig. 2.1.9, the effect of ay on the peak height of the principal peak is presented.
Figure 2.1.9(a) corresponds to the case of n = 1 and Fig. 2.1.9(b) to n = 2 transferred
electrons. In this, and all subsequent figures, the subscript h indicates the number of
the harmonic. In this figure, the slope of the curve for small perturbation amplitudes
for h =1 is also shown by a dashed line, corresponding to a typical low amplitude ac-
voltammogram. The slopes are n?v/2m /4, as expected from the theory of low amplitude
ac-voltammetry [3].

For n = 1, harmonics higher than the 2nd and up to the 6th are detected for
ap > 1.95 and are amplified rather drastically in the region from ay = 3.12 to oy = 9.73,
corresponding to amplitude values of 80 to 250 mV at T" = 298.15 K. For large values
of ag all harmonics tend to a saturation, its value determined by the number of the
harmonic.

It is interesting to compare the maximum peak height with what is reported in
the literature. Thus, according to Mooring and Kies [9] the peak height of the first
harmonic for n = 1is 9,1 = V270.50415 = 1.26372 at ap = 3. In the present work, the
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Figure 2.1.9: Maximum peak height for 4 = 0, as a function of the perturbation
amplitude ag for number of electrons transferred (a) n = 1 and (b) n = 2, together with
the dimensional amplitude for 7' = 298.15 K. 1st (black circles), 2nd (red squares), 3rd
(blue diamonds), 4th (green triangles), 5th (magenta plus) and 6th harmonic (orange

X).

peak height of the first harmonic under the same conditions was found ¥, = 1.2639,
by using the semi-analytical solution. The plot presented in Fig. 2.1.9(a) is practically
the same with that presented by Engblom et al. for the odd harmonics [10)].

For n = 2, harmonics higher than the 2nd and up to the 6th are detected for
ag > 0.77 and are amplified rather drastically in the region from ay = 1.95 to ay = 7,
corresponding to amplitude values of 50 to 180 mV at 7" = 298.15 K. A saturation is
observed for high values of «q, its value determined by the number of the harmonic.
By comparing the values of 1, ,, it can be seen that the amplification for n = 2 is more
intense for the same value of ay.

According to Mooring and Kies [9], the peak height of the first harmonic for n = 2
and oy = 1.5 is 9,1 = 2.52743. The peak height obtained from the semi-analytic
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Figure 2.1.10: (a) Fragment of time evolution of the ac-voltammogram (solid lines)
together with the corresponding variation of the surface concentration of the oxidant
(dashed lines) for different values ap = 3.11 (red) and 9.77 (black) and n = 1, o = 0.648.
(b) Cottrell plots for n = 2 and oy = 19.46 (black), 15.57 (red), 11.68 (blue), 9.73
(green), 8.56 (magenta) and 7.79 (orange).

solution in this work was ¢,; = 2.5155. The plot shown in Fig. 2.1.9(b) is that of
Engblom et al. [10] if one sets ¢, 5 — ¥, 5/n and ag — nagy, where n = 2.

The saturation of 1, for high values of o can be interpreted qualitatively by
comparing the evolution of the current and the surface concentration, for different
values of ap. Such an example is presented in Fig. 2.1.10(a) for n = 1 and o = 0.648.
For a moderate value of the perturbation amplitude oy = 3.11, the concentration of the
oxidant a(7) oscillates between zero and one, never reaching these limits (red dashed
curve). Simultaneously, the current oscillates rather smoothly (red solid line). On
the other hand, for large amplitude values, ay = 9.73, the concentration practically
oscillates from zero to one, resembling a “pulse” wave (black dashed line). The current
(black solid line) reaches a maximum value and then decays while the concentration is
practically either zero or one. Further increase of g results in an insignificant increase
of the amplitude since the concentration cannot attain values beyond the limits imposed
by the physics of the problem. This situation is illustrated in Fig. 2.1.10(b) for the case
n = 2, where the decaying part of the current is plotted against the inverse of the
square root of time. In this figure, 7, designates the time instant corresponding to the
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peak of the current. As can be seen, the relation tends to a “Cottrell condition”, which
is depicted by a dashed line having a slope of n/+/7.
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Figure 2.1.11: (a) Width at half maximum for the principal peaks of the odd harmonics
and (b) peak potential of the principal peaks of the even harmonics, as a function of
the perturbation amplitude oy for u = 0, together with the dimensional amplitude and
peak width at T' = 298.15 K for odd harmonics and different n. Solid lines for n = 1
and dashed line for n = 2.

The width at half maximum is another observable for the principal peak of the odd
harmonics. The width at half maximum |A¢, | for the 1st, 3rd and 5th harmonic as a
function of ay is presented in Fig. 2.1.11(a). In this figure, hallow symbols correspond
to a one electron reaction and black symbols to a two electron reaction. It is evident
that for oy > 3.11, for the case of n = 1, and o > 1.95, for n = 2, the values of |A¢, ,|
tend to vary linearly with g and are practically independent of n. For small values
of ap the relation is not linear and |AE, | tends to the value 3.52/n, as expected from
low-amplitude ac-voltammetry [3]. Values of |A¢, ;| of the 3rd and 5th harmonic, for
some values of aq are given in Table 2.1.
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Table 2.1: Width at half maximum of the principal peak for the 3rd and 5th harmonic.
Qo |AE 3] |AG 5]
n=1 n=2 n=1 n=2

1.95 1.9 1.4 1.3 0.9
3.89 28 2.6 1.8 1.6
5.84 4.0 3.9 2.5 24
779 5.2 5.2 3.2 3.2
9.73 6.5 6.6 4.0 4.0

Table 2.2: Peak potential of the principal peak for the 2nd and 4th harmonic.
Qo |22 |$pal
n=1 n=2 n=1 n=2

1.95 1.7 1.25 1.0 0.7
3.89 25 2.5 1.5 1.5
5.84 3.7 3.8 2.2 2.1
7.79 ) 0.4 2.9 2.9
9.73 64 6.8 3.6 3.6

From Fig. 2.1.11(a) as well as Table 2.1, it can be observed that the width at half
maximum of odd harmonics depends on both the number of electrons and the har-
monic, in contrast to direct current cyclic voltammetry where |§, — &, /2| = 2.2RT/nF.
Moreover, the effect of n on |A¢, 5| can be traced only for relatively small perturbation
amplitudes, while for higher amplitudes the differences tend to be indistinguishable.

Once again, the width at half maximum for the first harmonic can be compared with
some of the values tabulated by Mooring and Kies [9]. According to these authors, for
n = 1, the values of |A, ;| for ap = 0.389, 1.946 and 3.893 are 3.57, 4.48 and 6.97,
respectively. In the present work the corresponding values were 3.59, 4.49 and 6.95. For
the case of n = 2, the values reported are 1.84, 3.47 and 6.42, whereas in the present
work were 1.94, 3.41 and 6.39.

An observable of the principal peaks of the even harmonics is the peak potential,
|&p.1]. This observable is presented in Fig. 2.1.11(b), where, once again, hallow symbols
correspond to a one electron reaction and black symbols to a two electron reaction. It
can be seen that, linearity is observed for ag > 3.11 (for n = 1) and «y > 1.95 (for
n = 2) and the values of |&,,| are practically independent of the number of electrons
involved. For small values of aq the relation is not linear and |£, 2| tends to the value
1.32/n, as expected from low-amplitude ac-voltammetry [¢]. Values of |£, | of the 2nd
and 4th harmonic, for some values of oy are given in Table 2.2.

From Fig. 2.1.11(b) as well as Table 2.2, it can be observed that the peak potential of
even harmonics depends on both the number of electrons and the harmonic, in contrast
to direct current cyclic voltammetry where |{,| = 1.11RT/nF. The effect of n on
|€p.n| can be traced only for relatively small perturbation amplitudes, while for higher
amplitudes the differences tend to be eliminated.
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Figure 2.1.12: Effect of amplitude on the 5th harmonic for ¢ = 1 uM. Parameter values:
f=8Hz,v=50mV/s, k=100 m/s,n =1, D =1x 1072 m?/s and T = 298.15 K.
Ap = 80 (black), 150 (red) and 220 mV (blue).

Returning to the variation of 1, with amplitude, it seems to follow a sigmoid
relation for A > 2, where the region of significant amplification extends approximately
from 3.12 to 8.56 (that is, from 80 to 220 mV) for n = 1 and 0.77 to 5.84 (that is,
from 20 to 150 mV) for n = 2. The sigmoidal relations can be fitted, more or less
satisfactory, by a variety of analytic functions. Nevertheless, in the region of aq values
where significant amplification is observed, the curves can be fitted by a rather simple
equation,

In wp,h = Qp,h — bn_,h (2125)
Qo
where the constants a, ; and b, depend on the number of electrons n and the number
of the harmonic h. The corresponding results are shown in Table 3.1.

In case one shall wish to work beyond the limits suggested for the parameters in
Table 3.1, they should refer to the diagrams depicted in Fig. 2.1.9 to extract the values
they desire.

In Fig. 2.1.12, an example is presented of how the signal of a reversible system
of 1 uM can be augmented by increasing the amplitude at a moderate perturbation
frequency. By increasing the amplitude from 80 mV up to 220 mV the principal peak

Table 2.3: Fitting parameters for Eq. (3.1.31) in the region from «y = 3.12 to 8.56 for
n=1and oy = 0.77 to 5.84 for n = 2.

h arpp bip as p, ba.p

2 0.3470 £0.0085 3.480 £ 0.042 0.9960 £ 0.0075 1.611 4+ 0.012

3 0.298 £0.022 4.80 £0.11 0.950 +0.021  2.344 £ 0.035
4  0.283+£0.016 7.631£0.078  0.8504+0.025 3.439 + 0.043
5
6

0.280 £0.020  9.602+£0.097  0.861 £0.022  4.477 £ 0.036
0.288£0.012  12.4834+0.057  0.670 &= 0.078 5.22+0.13
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of the fifth harmonic increases from 0.5 mA/m? up to 3.7 mA/m?. For a surface
area of 0.00785 ¢cm? (i.e. 1 mm diameter disk electrode), the current that results
is 2.9 nA, which signifies that in order to determine even small quantities, possibly
untraceable with cyclic voltammetry, masked by capacitance currents. Similar results
could also be obtained by manipulating the frequency of a system, but as suggested by
the dimensionless form of the current, the signal is proportional to the square root of
the frequency, thus, making the impact of frequency less influential than the one of the
amplitude.

It should be emphasized that the above analysis holds for the case of a fully reversible
reaction, in the absence of uncompensated resistance and the presence of potential-
independent capacitance. In the case where the heterogeneous kinetic constant is not
sufficiently high and falls into the category of a quasi reversible reaction, the magnitude
of the chief observables is decreased and the shape of the harmonic components starts
deforming. This effect is pronounced as the order of the harmonic increases. In the
case of an irreversible reaction the shape of the harmonics does not resemble that of
the reversible case, nor in magnitude neither in shape. The presence of uncompensated
resistance can also have an effect on the shape of higher harmonics, affecting the chief
observables, becoming more evident as the order increases. The effect of potential-
independent capacitance can be diminished even from harmonics as low as the second
one. In the general case, its presence is expected to be eliminated at higher harmon-
ics. In order to analyze signals where the electrode transfer kinetics are slow, I R-drop
is present and capacitance does not follow a linear dependence against the scan rate,
digital simulation should be considered for the interpretation of the experimental sig-
nals. Finally, the relation between scan rate and perturbation frequency determines
the number of harmonics which can be extracted from the Fourier spectrum. High scan
rates in combination with low frequencies decrease the number of the harmonics that
can be analyzed. The proposed equation for the independence of the method from the
scan rate can be used for the determination of the first five harmonics, as when we
go to higher harmonics, the bursts in the Fourier spectrum start to intertwine and the
analysis of the signal is then rendered impossible.

2.1.6 Quasi Reversibility and Irreversibility

We shall now move on to enter the spectrum of quasi reversible and irreversible elec-
trochemical reactions, which are more commonly found in nature, so as to examine
what kind of information can be extracted here. Before starting, it should be noted
that a semi-analytical solution as the one used for the case of the reversible reaction, is
not feasible, or to be more accurate, practical, due to the implication of the electrode
kinetics. Thus, a different approach shall be followed from this point on in this chapter.
Starting with cyclic voltammetry again, for the case of an one electron reaction

/{ZO

Ox +e Red

where the chemical species is initially in its oxidized form Ox, and can be reduced
to Red, we shall consider a heterogeneous standard kinetic constant k° winch is not
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sufficiently large. Actually its value can vary from 107% up to 1000 m/s. Of course
lower values and higher valued can be employed, but they are not realistic.

Assuming Buttler-Volmer type of kinetics, the current expression shall be given by
Eq. (2.1.26),

i = FEY(cpe 7 E=E) _ ¢ o (B-E) (2.1.26)

in which all the symbols have already been analyzed.

In this case the dimensional problem is solved with the FEM method and the quan-
tities are rendered dimensionless afterwards. The dimensionless current and potential
for cyclic voltammetry remain the same as in the case of the reversible species, while a
new quantity is introduced, the dimensionless kinetic constant ke,

| RT
key = K° 2.1.27
FuvD ( )

For a dimensional analysis of cyclic voltammetry, one can refer to the works of Savéant
1],

In Fig. 2.1.13, the dimensionless cyclic voltammograms for various kinetic constants
are depicted. For the reversible case (k., = 50) the equations that already have been
analyzed. For lower k., values, entering the quasi reversible region the peak height starts
to decrease and the separation of the peaks starts to increase. When total irreversibility
is achieved, for a transfer coefficient of 0.5 the peak is 0.248 [ 1] and the dimensionless
cathodic peak of the cyclic voltammogram is given by Eq. (2.1.28),

wcv,irrev,p = 0496\/a (2128)
In the case of dimensional quantities, Eq. (2.1.28) transforms into Eq. (2.1.29),

F
ievimevy = 0.496 FSC°V/D C;%—;f (2.1.2)

As already mentioned, for slower kinetics, the peaks shift to a greater degree of
separation. The correlations for the cathodic and the anodic peak respectively are
given below in a dimensional form,

RT RT RT

Ecvep=FY—078— + —Ink° 2.1.

V.ep 0.78 al’ + al’ " aFvD (2.1.30)
RT RT RT
Ecvap = E” +0.78— In £ 2.1.31
eVap * aF * (1—a)F " (1—a)FvD ( )
The peak width is given by Eq. (2.1.32),
RT

Ecverss = Bovep = 1857 (2.1.32)

Now we shall move on to discover how FTacV works when it comes to quasi reversible
and irreversible electron transfer. Regarding the dimensionless parameters in this case,
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Figure 2.1.13: One step reaction: Dimensionless cyclic voltammograms of free species
for o = 0.4868, ap = 0.5, £ = 0 and kcy = 50 (black), 5 (red), 0.5 (blue), 0.05 (green),
0.005 (magenta) and 0.0005 (orange).

the dimensionless current and the dimensionless potential remain the same as in FTacV
for the reversible species, while the dimensionless kinetic constant k becomes,

1
Kae = K° /f—D (2.1.33)

The resulting dimensionless first 6 harmonics of such a system can be found in
Fig. 2.1.14. As should be noted, going away from the reversible kinetics (k,. = 316)
the magnitude of the harmonics decreases drastically and the shape is also deformed.
Four regions shall be recognized at this point.

e The region for large values of k,., which corresponds to the reversible case with
all the features already discussed being in effect.

e The quasi reversible region with no dominant peak displacement, where the mag-
nitude of the dominant peaks starts to decrease, but there is no peak shift.

e The quasi reversible region with peak displacement, in which the harmonics con-
tinue decreasing in size, but the harmonics start to deform beyond recognition.

e The totally irreversible region, where a minimum harmonic peak has bee reached
and the shift of the peaks continues further.

A table with a rough discrimination of the region is included in this work and
presented in Table 2.4.

In Fig. 2.1.15, the peaks for the first six harmonics of the totally irreversible case
for different amplitudes are depicted. A trend of increase is observed for the first three
harmonics, but with an increase not as impactful as the one in presented in the reversible
case. As the harmonic order lowers, the increase is much less prominent.

Regarding the effect of the kinetics on the magnitude of the dominant peaks for all
the first 6 harmonics, this is presented in Fig. 2.1.16. All first 6 harmonics are presented
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Figure 2.1.14: One step reaction: Dimensionless cyclic voltammograms of free species
for o = 0.4868, g = 0.5, Ag = 3.89, £° = 0 and k,. = 316 (black line), 31.6 (red), 3.16
(blue), 0.316 (green), 0.0316 (magenta) and 0.00316 (orange).

for different amplitudes and sigmoidal like dependencies can be observed for the first
harmonic, while as the order increases an ”anomaly” appears around k,. = 2. This is
due to around this value starts the deformation of the harmonic components.

With the use of such a diagram, for a system with a know diffusion coefficient, the
kinetic constant can be extracted and vice-versa. If both are unknown, with a trial
and error procedure, one could find the right combination of D and k° in order to fit
computational to experimental data. An analytical expression for the correlation of ¥
with & is not quite useful, however the values are given in the appendix of this work
if one would like to use the values. Such an approach would bot be useful in cyclic
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Table 2.4: Kinetic regions for free species

Qo Reversible Quasi reversible No Peak Displacement Irreversible
3.959 | k'>107? 1072<k<107° K<10~7
5.939 | k°>1072 1072<k9%<1075 K0<1077
7.919 | k'>1072 1072<k%<1075 K0<1077
9.898 | k’>1072 102<k%<1075 K0<1077
11.878 | k9>1072 1072<k%<1076 k0<1078
13.858 | kY>1072 1072<k%<1076 K0<1078
15.838 | k">1072 1072<k%<107"7 K0<1078

AO/mV
100 200 300
I ' I ' I

03 F
202
0.1+
|
2

Figure 2.1.15: Maximum peak height for harmonics 1 through 6, as a function of the
perturbation amplitude Ag for free species, together with the dimensional amplitude
for T'= 298.15 K, for an electrochemically irreversible reaction. 1st (black circles), 2nd
(red squares), 3rd (blue diamonds), 4th (green triangles), 5th (magenta plus) and 6th
harmonic (orange x).

voltammetry due to the fact that the drop of the peak height as the kinetics get slower
is not that significant.

Regarding the shift of the dominant peak of the odd harmonics, the dependence can
be found in Fig. 2.1.17. It is rather obvious that for large values of k.. the principal
peak of the odd harmonics is observed at ¢ = 0, that is, at E. As k becomes smaller,
a cathodic (anodic) shift of the principal cathodic (anodic) peak occurs, its value de-
pending on ag. This effect is depicted in Fig. 2.1.17. It is observed that the region of k.
where the potential of the principal peak is equal to the standard (or formal) potential
is wider for large values of ag. Moreover, for small values of k,. a linear dependence in
observed in these semi-logarithmic plots, the slope being 2.303/a,

2.303
Eon = o + l0g Kac (2.1.34)
a
where 8 depends on the perturbation amplitude and the order of the harmonic. Indica-

tive values of g for different values of ay are presented in Table 2.5.
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Figure 2.1.16: Maximum peak height for harmonics 1 through 6, as a function of the
dimensionless kinetic constant & for a free species. Ay values: 3.959 (black circles), 5.939
(red squares), 7.919 (blue diamonds), 9.898 (green triangles) and 11.878 (magenta +).
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Cps

-15

Figure 2.1.17: Principal peak potential as a function of the kinetic constant k of the
odd harmonics for a free species. ag values: 3.959 (black), 5.939 (red), 7.919 (blue),
9.898 (green) and 11.878 (magenta).
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Table 2.5: Values of (5, Eq. (2.1.34), for different values of ag

ao AO (mV at 298 K) Bl /63 55
3.894 100 2.06 | 3.48 | 1.44
5.842 150 3.69 | 5.01 | 1.60
7.789 200 5.31 | 6.33 | 3.18
9.736 250 7.62 | 8.03 | 4.27
11.683 300 9.44 | 10.63 | 4.55

2.2 Two step electron transfer

2.2.1 Two reversible reactions

In the case of a two step reaction, the scenario changes slightly, with the reactions being
described in Egs. (2.2.1) and (2.2.2), where in the first step A is reduced to B and then
B is reduced to C. Kinetic constants corresponding to the two steps are kY and kY while
the formal potentials EY and EY, respectively,

K

Adte B (2.2.1)

kS

B+e C (2.2.2)

Definitions for the dimensionless current and dimensionless scan rate remain the same.
The current expressions for each step are expressed as in Eqgs. (2.2.3) and (2.2.4). The
total dimensionless current . is the sum of ; and s,

i1 = Fk} (cBe(ll_%;)F(E’E?) — cAe’%(E’E(l))> (2.2.3)

iy = FKY (cce(ll_%?p(E_Eg) — 036_%(E_E8)> (2.2.4)

Again, the scenario shall be initially examined for cyclic voltammetry and then
for FTacV. In Fig. 2.2.1 the dimensionless cyclic voltammograms are presented for a
two step reaction, with both steps reversible and the standard potential of the second
being more negative than the standard potential of the first. When the two formal
potentials are well separated it seems like having two cyclic voltammograms with the
characteristics discussed before. As the two standard potentials get closer the two
voltammograms start to intertwine forming on voltammogram, the peak of which is
more than two times the peak of the separate voltammograms, in the case where the
two steps have the same standard potential.

In Fig. 2.2.2 the 5th harmonic for different scenarios is presented in the case where
both steps are fast. Only the 5th harmonic is presented as all the other harmonics have
a similar trend. In Fig. 2.2.2(a) we have the case of two well separated steps with the £
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Figure 2.2.1: Two step reaction: Dimensionless cyclic voltammograms of free species
for o = 0.4868, kcvi = kovy = 0.031, &) = 15 and &) = —15 (black), & = 5 and
&9 = =5 (red), &% = 0.5 and &9 = —0.5 (blue ), &% = £ = 0 (green).

of the second step being more cathodic than the one of the first (£ = 15 and &) = —15)
at different amplitudes. The maxima of each peak correspond to that of a single step
fast reversible reaction and as the amplitude increases the harmonics become wider. In
such a case, no problem arises in the analysis of the peaks, as the same things that
are valid for a one step fast reversible electrochemical reaction, are valid for each step
separately. This is as long as the harmonics of the steps are well separated and do not
interfere. So, experimentally, when one faces a two step reaction with separated peaks,
he shall pay attention to the amplitude used, so that the harmonics do not widen to
the extend that they start to interfere with each other.

In Fig. 2.2.2(b) we have the case where we go from two well separated steps (black
and red line) to the case where the two steps tend to appear as one (blue line) and
finally in the case where the two peaks have the same dimensionless formal potentials.
In the latter case, schematically the harmonic resembles that of a single step reaction,
but the peak dimensionless current of the harmonic is about 3.7 times higher than
that of the single step reaction (2.23 wvs 0.609, respectively). This difference could
act as a diagnostic for the electron transfer mechanism, as if one harmonic appears a
single electron transfer but the peak dimensionless current is higher than the expected,
probably the reaction is a two-step one.

2.2.2 One reversible and one irreversible reaction

In this section a slightly different scenario shall be examined that the one in the previous
section. The difference is that the second step is irreversible, that is C cannot be
oxidized back to B. The only equation that changes is Eq. (2.2.4) which is transformed
to Eq. (2.2.5),

iy = — FkQcye™fr(F-F2) (2.2.5)
For the case of cyclic voltammetry, one can find representative voltammograms in

Fig. 2.2.3 for a constant value of the dimensionless kinetic constant of the first reaction,
while that of the second step is altered. In the case of the highest kcv 2 examined, a
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Figure 2.2.2: Different cases of a two step reaction with both steps being electrochemi-
cally reversible (Kac1 = kac2=0.0316): (a) Well seperated steps with &) = 15, £ = —15
and o = 0.4868 for oy = 3.892 (black), 5.839 (red), 7.785 (blue line), 9.731 (green) and
11.677 (magenta). (b) Decreasing seperation of the steps at oy = 3.892, o = 0.4868,
&Y =5 and & = -5 (red), & = 0.5 and &) = —0.5 (blue) and &) = &) = 0 (green).

sole peak appears at a more anodic peak potential value than the formal potential of
both of the first reaction step. As the kinetics of the second step become more slow,
the peak shifts cathodically and for very small values of kcy 2 the peaks are completely
separated.

For the respective FTacV case, 1st through 5th harmonic of the forward scan of this
case are presented in Fig. 2.2.4.

The fixed parameters in this example are o = 0.4868, oy = 3.892, &) = 0, &8 = 5,
kaci = 100 while k,.o varies from 10 down to 0.0001. For the highest k,.o value
empoloyed (black line) during the cathodic scan what seems like an irreversible set of
peaks appears for all the harmonics. As the value of k,.o decreases, this peak shifts
towards more cathodic potentials (red and blue line). For even lower values of this
kinetic parameter, the harmonics start to resemble a reversible kinetics situation. This
is due to the fact that the chemically irreversible reaction shifts towards more cathodic
peaks when its kinetics get slower, revealing the first fast and reversible step. Now,
when the two steps finally start getting separated (magenta and green line), the second
step is almost invisible due to the fact that the magnitude of an irreversible reaction in
FTacV is order of magnitudes smaller than the one of a reversible one. Experimentally
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Figure 2.2.3: Two step reaction, with the second being chemically irreversible: Di-
mensionless cyclic voltammograms of free species for o = 0.4868, &Y = 0, & = 5,
kova = 3.16 x 1072 and kcya = 3.16 x 107% (black), kcva = 3.16 x 107® (red),
kova = 3.16 x 1071% (blue), koyve = 3.16 x 1072 (green) and kcvo = 3.16 x 107
(magenta).

such a separation can be achieved by increasing the frequency of the experiment, so
that the effective kinetic constant k.. (equal to &9/ f) gets lowered to a relatively small
value and the peak of the second step is shifted more cathodically. Technically, if one
would increase the frequency from 1 to 100 Hz, the k,. 2 value would be lowered 2 orders
of magnitude.
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Figure 2.2.4: (a) - (e) Ist through 5th harmonic for a two step reaction with the first
being reversible and the second chemically irreversible. o = 0.48684, oy = 3.8924,
€01 =0, €0 = 54, kpor = 3.16 x 1073 and Koz = 3.16 x 105 (black), ks = 3.16 x 10~
(red ), kaco = 3.16 x 1071° (blue), ka2 = 3.16 x 107'2 (green) and k,.o = 3.16 x 1071

(magenta).
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2.3 EC Mechanism

One mechanism of electrochemical reactions that could be of interest is the EC mecha-
nism, in which an electrode electron transfer is followed by a first-order (or pseudo-fist-
order) homogeneous reaction. It is one of the simplest scenarios in which a heteroge-
neous electron transfer is coupled with a reaction taking place in the solution. In this
section a subcategory of this kind of mechanisms will be discussed in order to get an
idea of the pattern of the voltammograms corresponding to both cyclic voltammetry
and FTacV, thus only a qualitative approach shall be made.

Solution

9p043039|3

C <«— B

Figure 2.3.1: EC mechanism of a free electroactive species reaction scheme. The reduced
form A of the free species is oxidized on the electrode surface to the oxidized form B
and is then transformed to the non electroactive species C.

The heterogeneous electron reaction is that found in Eq. (2.3.1) where the reduced
form of the electroactive species (A) gives one electron to the electrode resulting in
the oxidized form (B). Then the oxidized form of the electroactive species reacts by
a first-order (or pseudo-fist-order) reaction, resulting in C, which is electrochemically
active in the potential window examined. The kinecti constant of the second step shall
be symbolized with kgc. This reaction is treated in this case as an irreversible one. A
schematic representation of the scenario is presented in Fig. 2.3.1. Extensive studies
have been made for the full scenario, in which this reaction is reversible, and the reverse
step is also taken into account [11]. In this work though we shall limit our study to this
case, as this shall be of use in the experimental section of this work.

kO

A B+e (2.3.1)
kc

B———>C (2.3.2)

The obvious effect of the coupling of the second reaction is that B is consumed for
large kgc values, thus it is not able to be reduced again. Consequently, no peaks in
the returning scan are expected. In order to visualize this effect, voltammograms for
this case are presented in Fig. 2.3.2. Two different scan rates are examined, (10 mV /s
and 100 mV/s) for various kinetic constants kgc. For the scan rate of 10 mV/s even
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Figure 2.3.2: Example voltammograms of EC mechanism for (a) 10 mV/s and (b)
100 mV/s. Parameters: ¢4 = 1 mol m™3 k° =100 1/s , D = 1 x 107 m?/s, T =
298.15 K, kgc = 0 (black), 0.1 (red), 1 (blue), 10 (green), 100 (magenta), 1000 (orange)
and 10000 s~' (cyan).

for a relatively small value of the kinetic constant (0.1 s™') no reduction peak can be
observed in the reverse cathodic scan in addition to a slight increase in the anodic scan.
As the kgc increases, the cathodic peak vanishes completely and the anodic one reaches
a limiting value and is shifted towards more cathodic potentials. Moving on to the higer
scan rate of 100 mV/s, it can be seen that for a kgc value of 0.1 s™! the cathodic peak
has not disappeared yet. However, as the kgc value increases, the same trend as in the
previous case can be clearly observed. In general a nomogram for both the displacement
of the peak as a function of a dimensionless kinetic parameter can be extracted as well
as one that takes into account the ration of the oxidation and reduction peak, in order
to find the value of kgc. However, the section of this work is to get a grasp of how the
waveform of these voltammograms are transformed in an FTacV experiment. Thus, no
further analysis shall be made here.

Examining the same scenario by FTacV, using v = 10 mV/s, f = 1 Hz and Ay =
100 mV, the 1st, 3rd anf 5th harmonics shall be presented in Fig. 2.3.3. In the absence
of a subsequent following reaction, the voltammograms are as expected corresponding
to those of a reversible reaction. However, when the subsequent chemical reaction
starts getting involved, one can observe a drastic change is the reverse scan even for
very low values of kgc. Regarding the forward scan, for a kgc value of 0.1 s™! the
odd harmonics still resemble that of an uncoupled reversible electrochemical reaction,
at a decreased magnitude. As the kgc value starts increasing by orders of magnitude,
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Figure 2.3.3: (a) 1st, (b) 3rd and (c) 5th harmonic examples of EC mechanism for
v=10mV/s, f =1 Hz and Ay = 100 mV. Parameters: ¢} = 1 mol m~3, k% =100 1/s
, D =1x10"" m?/s, T = 298.15 K, krc = 0 (black), 0.1 (red), 1 (blue), 10 (green),
100 (magenta), 1000 (orange) and 10000 s (cyan).

the signal starts deforming and decreasing in magnitude until the harmonics reach a
certain waveform of constant magnitude that is shifted more cathodically as the kinetic
constant increases. This behavior - the peak shift - is similar to the one observed in the
cyclic voltammogram. The harmonics in case of high kgc values, start reminiscing those
of an irreversible voltammogram, just like in the case of the cyclic voltammograms. It
is also worth noting that for kgc values up to an order of magnitude 1 s=! the central
peak in the forward scan although deformed, is not shifted, thus still a value for the
formal potential of the electrochemical reaction can be extracted.
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2.4 Homogeneous catalytic reaction scheme

One of the most widely studied reaction studied mechanisms with cyclic voltammetry
is that of an electroactive species in its oxidized form A being reduced to B, which is
coupled with a reaction of a substrate P giving back the oxidized form A and a product

Q (Fig. 2.4.1),

k,O

A+te B (2.4.1)
ke

B4+ P—>A+Q (2.4.2)

In this section some of the most prominent results of this case with cyclic voltam-
metry will be introduced in order to later have a direct comparison with FTacV in
order to see what happens to the signal when the second method applied. Regarding
the case of cyclic voltammetry, depending on the the kinetic constant k., the scan rate
and the ratio of the concentrations of A and P, a wide variety of voltammograms can
be obtained. In order to group these results, Savéant has introduced in his work one
of his signature zone diagrams. In this thesis, a slightly different (almost) all inclusive
diagram is to be presented in Fig. 2.4.2. But before checking this diagram, a few points
shall be made clear.

Solution
A Tl
Q e —
(D
(@'
r—
-5
S
p B € rD

Figure 2.4.1: Homogeneous catalytic reaction scheme of a free electroactive species.
The oxidized reactant form A of the free species is reduced on the electrode surface to
its reduced form B. It then reacts with the oxidized form of the substrate P, which is
free in the solution as well, giving its reduced form Q and regenerating the oxidized
form of the reactant A.

Firstly, all the results that are processed come from solving the dimensional problems
and not the dimensionless. Then, in order to group the results and give an interpretation
to their trends, a few dimensionless quantities are introduced. These are the following,
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V= (concentration ratio) (2.4.3)
A
ip,ECry . . .
Upe = —5— (dimensionless catalytic current peak) (2.4.4)
i
pEC,
ko RT'c}
Apc = = 7 P (dimensionless kinetic parameter) (2.4.5)
v

where ¢} is the concentration of the chemical species P in the bulk solution, ¢} is the
concentration of the chemical species A in the bulk solution, i, gc the peak/plateau
of the reduction peak of the redox reaction. The other symbols have already been
discussed.

Now the order of the waveform of the voltammograms in Fig. 2.4.2 are based on the
dimensionless kinetic parameter and the concentration ratio. The set of voltammograms
presented in Fig. 2.4.2 are arranged in a way corresponding to the change of v and
Agc. Starting from a pure cyclic voltammogram for very low values of Agc. As the
value of Agc starts increasing we enter the next zone in which from an increase of the
reduction peak and an increase in the oxidation one, as the v goes up, a sigmoidal
curve is reached In the case of a sigmoidal voltamomgram the kinetic constant k. can
be directly estimated from the following equation,

ip = FScV D/ kech (2.4.6)

For very large values of Agc we leave the region in which the sigmoidal curve can be
achieved. When + is relatively small, two reduction peaks are visible with the one
being near the value of the peak found in the cyclic voltammogram in the absence of
a chemical reaction, while the other one found in more anodic potentials. The latter
peak is also sharper than the first one. Now as v increases the peak around which
resembles the peak in the absence of a reaction, decreases while the other one increases
drastically. Finally for high values of both Kgc and ~ only one sharp peak appears at
values more anodic than the E° of the redox species.
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logAp

Figure 2.4.3: Homogeneous catalysis electrochemical reactions with the homogeneous
electron transfer as a rate-limiting step. Variation of the dimensionless current Vg with
the kinetic parameter Agc for different values of v: 1 (black circles), 5 (red squares),
10 (blue diamonds), 50 (green triangles) and 100 (magenta x).

For the case of a reversible electrochemical step at a constant values of « by plotting
the dimensionless catalytic current peak Uga against log Agc the resulting diagrams are
the ones presented in Fig. 2.4.3. From such a diagram, if one for a certain value of v
has a value of Ui, they shall calculate the value of Agc, and thus the kinetic constant
k. can be extracted.

Actually, one of the most significant features of the Fig. 2.4.3 is what happens for a
~ value of 1, where one can observe the initial increase of Wi and then its subsequent
decrease. This can be better understood if one takes a close look into Fig. 2.4.4(a) where
voltammograms at a constant v of 1 and different k. values are presented. For k. we get
the typical cyclic voltammogram of a reversible electrochemical reaction. For k. values
of 0.1 and 1 m®*m~!s the reduction peak increases in magnitude while the oxidation
one decreases. For a k. value of 10 m3m~'s the reduction peak increases slightly from
the previous state at a k. value of 1 m*m~'s and widens as well For larger values the
peak splits and two separate peaks appear, with the first one being stable around the
formal potential of the redox species and the other one shifting more anodically as the
ke increases. This change resembles what happens for low values of v and increasing
Agc in Fig. 2.4.2.

In Figs. 2.4.4 (b) and (c) the voltammograms of the same parameters but for different
¢t (thus different v are presented. The difference between the aforementioned case
and the ones observed here is that no decrease is observed in the magnitude of the
voltammograms as the k. increases. The peak just reaches a maximum value. For ~
value of 5 the peak separation still appears, but the peak near the formal potential
is rather faint in comparison to the other one. Finally for v at a value of 50 at high
ke values only one reduction peak appears shifting anodically as the kinetic constant
increases.

After the analysis of the this mechanism with cyclic voltammetry which has already
been established, we shall proceed with the same analysis with FTacV. The dimension-
less parameters v and WUgc remain the same, while the kinetic parameter Agc changes
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Figure 2.4.4: Example voltammograms of homogeneous catalysis electrochemical re-
actions with the homogeneous electron transfer as a rate-limiting step. Parameters:
v=>55mV/s, ¢4 =1 mol m3 T = 298.15 K, k. = 0 (black), 0.1 (red), 1 (blue), 10
(green), 100 (orange) and 1000 mol m~3 s~! (magenta) and (a) ¢ = 1, (b) 5 and (c)
50 mol m~3.
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slightly and is now a function of frequency and not of the scan rate - always under the
assumption of that the criteria for the independence of the experiment from the scan
rate is valid,

koc
Agc Fracy = 7 (2.4.7)

okl

Apc pracy corresponds to a certain value of perturbation amplitude. In this analysis
only 100 mV shall be examined as an indicative case.

A plot similar to the one in Fig. 2.4.3 is presented in Fig. 2.4.5 corresponding to the
1st, 3rd and 5th harmonic for Ay = 100 mV at different v values. The dominant peak
is taken at each case for the estimation of Wgc. A similar analysis can be performed for
the even harmonics as well, even though it is not analyzed here. The case of v equal to
1 is also omitted as no increase in the magnitude of the peaks was observed. In general
a trend of increasing currents reaching a plateau is observed as Agc pracy increases.
Some anomalies also occur but we shall get to these by taking each case individually.
In general though, these diagrams can be used in the same way as the one in Fig. 2.4.3
to extract the actual kinetic constant k..

In Fig. 2.4.6 the case of v equal to 1 is examined. The first 3rd and 5th harmonic
are presented in (b) through (d) while the respective cyclic voltammograms without the
effect of the perturbation is depicted in (a). Contrary to the increase seen in the cyclic
voltammogram, in the harmonics resulting from the FTacV experiments no increase in
the dominant peak is observed. However in the region where the split peak appears in
the cyclic voltammogram a rather faint peak or set of peaks start appearing as the k.
increases. Thus from this case it can be safely concluded that the coupling with the
homogeneous reaction has no effect on the set of peaks around the formal potential in
the case of FTacV, contrary to cyclic voltammetry. That is why the case of v equal to
1 is not included in the analysis of Fig. 2.4.5.

Moving on to Fig. 2.4.7 where we have the corresponding case as in Fig. 2.4.6,
but with a v at a value of 5. Again one can see that in the case of FTacV the peak
around the formal potential is not affected by the catalysis, whereas the second set
of peaks that appear more anodically are the ones to which the increase of the Wgc
in Fig. 2.4.5 is attributed. Comparing the signals of FTacV to the respective cyclic
voltammograms again in the same figure the peaks that appear more anodically in the
FTacV correspond to the intense peak that arises in the cyclic voltammogram at high
values of k.. This same trend, if not more intense, can be observed in Fig. 2.4.8, where
the same voltammograms are presented for a v value of 10. As long as the second
peak does not appear in the cyclic voltammograms, the harmonics remain practically
unchanged and only in the case of the split of the peaks in the cyclic voltammograms
an increase of the dominant peak appears in FTacV. Again this increase is not due to
an increase in the harmonics of the reversible species but due to an set of peaks arising
more anodically.

What is interesting is the case of S-shaped cyclic voltammograms and what happens
to the respective harmonics resulting from FTacV. Focusing on Fig. 2.4.9, in which for
the case of cyclic voltammograms the conditions for an S-Shaped voltammograms are
met, no increase is observed in the respective harmonics. This is rather noteworthy,
as it indicates that if we have no split of the peak or a very intense peak shifting
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Figure 2.4.5: Homogeneous catalysis electrochemical reactions with the homogeneous
electron transfer as a rate-limiting step with FTacV for Ay = 100 mV at T" = 298.15 K.
Variation of the dimensionless current Wgc with the kinetic parameter Kgc pracy for
different values of v: 5 (black circles), 10 (red squares), 50 (blue diamonds) and 100
(green triangles). (a) 1st harmonic, (b) 3rd harmonic and (c) 5th harmonic.
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anodically, no difference can be observed in the FTacV. It is as if the redox reaction of
the electroactive species is solely monitored.

Finally the case of a very large value of v is examined in Fig. 2.4.10. In this case for
small to intermediate values of k. a slight increase in the harmonics is observed. However
for high values of k. in which one sole peak appears in the cyclic voltammograms, way
more intense than the original voltammograms, in F'TacV only then a clear increase in
the magnitude of the voltammogram appears. The patterns observed resemble those of
a chemically irreversible reaction.
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Figure 2.4.6: Homogeneous catalysis electrochemical reactions with the homogeneous
electron transfer as a rate determining step. (a) Cyclic voltammetry at v = 5 mV/s
(b) 1st, (c) 3rd and (d) 5th harmonic for v = 5 mV/s, f =1 Hz and Ay, = 100 mV.
Parameters: ¢ = 1 mol m™2, ¢§ = 1 mol m™2, T = 298.15 K and k. = 0 (black), 1
(red) and 10000 mol m~3 s~! (blue).
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Figure 2.4.7: Homogeneous catalysis electrochemical reactions with the homogeneous
electron transfer as a rate determining step. (a) Cyclic voltammetry at v = 5 mV/s
(b) 1st, (¢) 3rd and (d) 5th harmonic for v = 5 mV/s, f = 1 Hz and Ay = 100 mV.
Parameters: ¢y = 1 mol m™3, ¢, = 5 mol m™3, T = 298.15 K and k. = 0 (black), 1
(red) and 10000 mol m™3 s (blue).
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Figure 2.4.8: Homogeneous catalysis electrochemical reactions with the homogeneous
electron transfer as a ate determining step. (a) Cyclic voltammetry at v = 5 mV/s
(b) 1st, (¢) 3rd and (d) 5th harmonic for v = 5 mV/s, f = 1 Hz and Ay = 100 mV.
Parameters: ¢ = 1 mol m™3, ¢ = 10 mol m™3 , T' = 298.15 K and k, = 0 (black), 1
(red) and 10000 mol m™3 s (blue).
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Figure 2.4.9: Homogeneous catalysis electrochemical reactions with the homogeneous
electron transfer as a rate determining step. (a) Cyclic voltammetry at v = 5 mV/s
(b) 1st, (¢) 3rd and (d) 5th harmonic for v = 5 mV/s, f = 1 Hz and Ay = 100 mV.
Parameters: ¢ = 1 mol m™3, ¢ = 50 mol m™® | T' = 298.15 K and k.0 (black), 0.01
(red) and 0.1 mol m—2 s=! (blue).
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Figure 2.4.10: Homogeneous catalysis electrochemical reactions with the homogeneous
electron transfer as a rate determining step. (a) Cyclic voltammetry at v = 5 mV/s
(b) 1st, (c¢) 3rd and (d) 5th harmonic for v = 5 mV/s, f = 1 Hz and Ay, = 100 mV.
Parameters: ¢ =1 mol m™3, ¢ = 100 mol m™3 , 7' = 298.15 K and k. = 0 (black), 1
(red) and 10000 mol m~3 s~! (blue).
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2.5 Convolution voltammetry analysis

In this section, convolution voltammetry shall be introduced, as it is a tool that will
be used later in this work. It is a tool that can be useful for determining values of
the diffusion coefficient of an electroactive species, its bulk concentration, as well as
stoichiometric number of electrons exchanged.

2.5.1 One step electron reaction

Let us consider a one step reaction occurring on an electrode surface as described in
Eq. (2.5.1), where the oxidized form of an electroactive species (A) takes an electron
resulting in the reduced form (B),

ke
A+ne——8B (2.5.1)
ka

We shall consider at this point that the mass transfer of the chemical species A and
B happens solely due to diffusion. In this case Fick’s second law applies,

0 0?
B = Dage (25.2)
0 0?
% — Dy a;f (2.5.3)

where cp(x,t), cg(x,t) are the concentrations of A and B Dy, Dy are the respective
diffusion coefficients.
In the case, initially only A is present in the solution, then the initial conditions are,

ca(z,0) = ¢
cg(z,0) =0

Considering the electrode surface to be x = 0 and the bulk solution to be x — o0,
then the boundary conditions for x — oo shall be,

calr = 00,t) = ¢
cg(z — 00,t) =0

meaning that the bulk solutions of the electroactive species remain unchanged.

The redox reaction takes place on the electrode surface. Thus at x = 0 the flux due
to diffusion shall be equal to the change of the concentration per surface unit due to
the reaction. Consequently the boundary conditions at = = 0 shall be,

aCA I
_ it - 2.5.
A0r le=o ~ nSF (2.5.8)
803 I
Dol ™ ThsE (2:5.9)
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where [ is the current!! and S the electrode surface. On the electrode surface the
following equations apply,

Oca Jcg
D Dp—= =0 2.5.10
A0z lo=o + e 0x la=0 ( )

The resulting current obeys to the following equation,
I(t) = nAFKOe™ B EO-E)[cp (0, 1) B EO-E) _ ¢, (0,¢)] (2.5.11)

where E° is the formal electrode potential of the reaction, k° the reaction rate constant
and a the transfer coefficient. The electrode potential is scanned linearly with time

E=FE —ut (2.5.12)

where v is the scan rate.

By rendering dimensionless the potential ¢ = nF(E — E°)/RT, the time 7 =
Fut/RT as well as the concentrations & = ca/co and 3 = cg/cy then Eq. (2.5.2)
and (2.5.3) are rewritten as,

oa  0*a
— = 2.5.1
or  0y? (25.13)
s 9B
— == 2.5.14
or Oy? (25.14)
where, 0 = Dg/Dy and y =z Df 77+ Moreover, the initial conditions are,
a(y,0) =1 (2.5.15)
B(y,0) =0 (2.5.16)
The boundary conditions for y — oo are,
a(y — oo, 7) =1 (2.5.17)
By — 00,7) =0 (2.5.18)
while the boundary conditions for y = 0 are,
oa
- = — 2.5.19
5ol =¥ (25.19)
b
5—— = 2.5.20
99 1,0 0 ( )
where the dimensionless current is,
(1) = kove B0, 7)ef™ — &(0,7)] (2.5.21)

"Not the current density
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where,
1
b= (2.5.22)
nFScov/Da %
and,
=& -7 (2.5.23)
The dimensionless kinetic constant k is given by the equation,
k.O
koy = ——m (2.5.24)
A/ DA’U%
By using Laplace transformation Eq. (2.5.13) and (2.5.14) are rendered,
D*a
v —a(y,0) = —= 2.5.25
sa = a(,0) = 55 (2.5.25)
. 9B
or, by using Eq. (2.5.17) and (2.5.18),
D*a
sa—1=—= 2.5.27
. (25.27)
_ 926

These equations are linear with constant coefficients. The general solution of the
second equation is,?

Bly,s) = AeViV 4 Be VY

For y — oo the 3 is equal to zero, and consequently A = 0. The coefficient B can be
extracted from the condition of Eq. (2.5.20). More specifically,

0B B s ¥ 1
yzO__B\/;_giB__w\/;

dy
By, s) = —v ée‘\/?y (2.5.29)

consequently,

The surface concentration for y = 0, 3 (0,%), can be found by using the convolution
theorem,'® Consequently,'*

B(0,7) = —\/g/; \/Zi(ZT)zdz (2.5.30)

12The characteristic polyonym is §A? — s = 0, consequently \ = :I:\/g
13For inverse Laplace transform of f1(s) - fa(s), L71(f1(s) - f2(s)) = fot Fi(t — 2)Fy(2)dz.
1By using inverse Laplace £L71(1/4/s) = y/1/7t.
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Respectively, the surface concentrations «(0,t) is

&(0,7) 1+\[/ e (2.5.31)

By substituting the dimensionless surface concentrations in the expression of the
dimensionless current, Eq. (2.5.21), the result is the cyclic voltammogram,

U(r) = —kove |1+ %(51/%@ +1) /O ' \/qf-(zT)ZdZ] (2.5.32)
Equation (2.5.30) can be also written as,
B(0,7) = =62 M (7) (2.5.33)
where,
M(r) = (2.5.34)

— d
Vilo V=2

is the linear convolution of the dimensionless current 1(z) with the function 1/4/z.
Respectively, Eq. (2.5.31), using the function M (1), can be rewritten as,

a(0,7) =1+ M(7)

The minimum value that &(0,7) can get is zero, consequently, for this value the
function M (1) gets a boundary value,

My, = —1
The value of B(O, 7), when the function M (1) gets its boundary value is B(O, ) =012
Finally, exploiting M (7), Eq. (2.5.32), can be rewritten as,

(1) = —hove ™0 [1 4 (572660 4 1)M(7)| (2.5.35)
The last equation can also be written as,

U(7) = hove [ = 1= (671250 1) M(7)|
But, M;, = —1, thus,

0(r) = kove 0 by, — (572650 1) ()] (2.5.36)

Eq. (2.5.36) expresses the dependence of the current from the potential of an one step
quasi reversible reaction.
Two different cases can be distinguished:

e For large values of the kinetic constant k, that is large k° or small v, Eq. (2.5.36)

is written as,
1 My, — M
&= 5 Ind+In —=—— (2.5.37)

This equation applies to reversible kinetics.
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e When §71/2e8() < 1 then Eq. (2.5.36) is written as,

€= éln kcv +In % (2.5.38)
This dependence stands for irreversible kinetics.
e In the general case of Eq. (2.5.36),
. M, — (5—1/265<T> + 1) M(T)]
£ = o Inkcy + In ) (2.5.39)
Going back to dimensional quantities the function M (1) is written as,
I(t) = %/0 \/Z;t__>7d7' (2.5.40)

where now I(t) denotes the convolution current with units C/s'/2. We shall remind
that in this case i(t) is the current and not the current density. The current i(t) is

recorded experimentlly,thus the correlation curent, I(t), can be calculated by a simple
routine e.g. in FORTRAN [12],

p=f (1)

do k=2,n

do j=2,k
h=t (j)-t(j-1)
hj=t(k)-t(j)
sj=sqrt(hj)
hjl=t(k)-t(j-1)
sjl=sqrt(hjl)
p=p+((£ (j)*hj1-f(j-1)*hj)*(sjl-sj)

$ +((£(3)-£(j-1))/3.)*(sj**3-sj1%%x3) ) /h
end do
write(1,*) t(k), 2.xp/sqrt(pi)
p=0.
end do

where f(j) is the current for the time t(j).
The limiting correlation current is ,

[L = -—nFA DACQ (2541)

while, the surface concentrations of A and B at every moment are,

LI
N = (2.5.42)
1) (2.5.43)

= T FAVDs
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One can observe that for a known surface area S, the limiting convolution current
allows the determination of the diffusion coefficient. The same is valid vice - versa as well
- having a known diffusion coefficient, the electrode surface can be calculated. Moreover,
one can observe that for a known diffusion coefficient and a known surface area, a
cyclic voltammetry experiment allows the determination of the surface concentrations,

without the use of another in situ technique.
The correlation current vs. potential dependencies are,

e Reversible kinetics:

RT' Dy RI'. IL—1

E=E'+ —In—+—1
toF Dy T E ™

The above equation can be rewritten as,

RT I, —1
E=FE, o+ 20
2t E T
where,
RT . Dg
Eyg=E° 4 22 1p =8
172 T onr " D,

(2.5.44)

is the half wave potential. If the diffusion coefficients are equal, then the half

wave potential is equal to the formal potential.

e Irreversible kinetics:

RT . K°  RT I —1I(t)

E=FE° 1 1
+ ankF n\/DA * ankF "

e Quasi reversible kinetics:

nE g
RT % Rr I—IO)(1+ ) Brefir®F)

In

E=E"+ 1

anF VD - ankF i(t)

(2.5.45)

(2.5.46)

Using the definition of the half wave potential, the above equation can be rewritten

as,

E=E"+ 1

RT K RT L —I(t)(1+ e % (B—F1/2))

1
anF t vV Da * anF'

The last equation can be rewritten as,

Inke(E) =In+/Dy —In

I, — I(t)(1 4 eFr(F-Fup))

i)

where k¢ = k%~ % (E=E°) the potential dependent kinetic constant of the forward
reaction. For k; what was mentioned for the case of the irreversible reaction is

valid here as well.
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Figure 2.5.1: (a) Cyclic voltammogram and (b) surface concentrations of A (black)
and B (red) for reversible kinetics are a scan rate of 50 mV/s. Parameters: Dj =
1x107% m?/s, Dg = 1.2 x 107 m?/s, E° =0V, ¥ =5 x 10> m/s, ¢ = 1 mol/m?,
n=1and S=1.257x 1075 m? .

2.5.2 Convolution voltammetry examples

In this paragraph, some representative examples will be presented for the case of re-
versible, irreversible and quasi-reversible kinetics.

We shall commence the analysis from the case of reversible kinetics. In Fig. 2.5.1 a
cyclic voltammogram as well as the surface concentrations of a reversible cyclic voltam-
mograms are presented for the following parameter values: Dy = 1 x 107 m?/s,
Dg = 12x 107 m?/s, E° =0V, k = 5 x 10> m/s, ¢® = 1 mol/m3 n = 1 and
S =1.257 x 1075 m?2.

According to what has already been mentioned, the limiting convolution current
shall be calculated,

I, = nFS\/Dac® =1 x 96485 x V1 x 1079 x 1 = 3.83 x 107° C/s/?

while the dependence of the convolution current with the potential follows Eq. (2.5.44).
In Fig. 2.5.1 the cyclic voltammogram at a scan rate of 50 mV /s is presented as well
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as the change in the surface concentrations on the electrode surface as the potential is
scanned linearly in time.

In Fig. 2.5.2 the convolution current together with the current as the electrode po-
tential is scanned linearly is presented. One can observe a limiting convolution current
equal to the expected one. In the same figure the dependence of In[(I;, — I)/I] against
the potential F during the cathodic scan is depicted. The dependence is linear with a
slope of nF/RT = 38.9 V1.

The determination of the correlation current allows the calculation of the surface
concentrations from the current values though Eq. (2.5.42) and (2.5.43). The surface
concentrations appear in Fig. 2.5.3, and are the same as the ones presented in Fig. 2.5.1

(b).
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Figure 2.5.2: (a) Cyclic voltammogram (black) together with convolution current (red)
for reversible kinetics and (b) ascertainment of Eq. (2.5.44). Parameters: Dy = 1 X
107 m?/s, Dg =1.2x 107" m?/s, E° =0V, k=5 x 103 m/s, &® = 1 mol/m?3, n =1
and S = 1.257 x 107° m? .

The next case concerns irreversible kinetics. In Fig. 2.5.4 one can find the cyclic
voltammogram and the surface concentrations of an irreversible reaction with the fol-
lowing values: Dy = 1x107%m?/s, Dg =1.2x10% m?/s, E° =0V, £k =5x1078 m/s,
A =1mol/m? a=05n=1and S = 1257 x 107° m?.
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Figure 2.5.3: Surface concentrations as evaluated from convolution current for reversible
kinetics.

According to what has already been mentioned, the limiting convolution current
should be,

I, = nFSy/Dac® =1 x 96485 x V1 x 1079 x 1 = 3.83 x 107° C/s'/?

while, the convolution current dependence against the potential shall follow Eq. (2.5.45).

In Fig. 2.5.5 the current together with the convolution current are presented, as the
potential is swept linearly. One can observe that the convolution current is equal to the
expected.In the same figure the dependence of In[(I;, — I)/I] against the potential £
during the cathodic scan is depicted. The dependence is linear with a slope of nF/RT =
19.46 V1.

The determination of the correlation current allows the calculation of the surface
concentrations of the current through Eq. (2.5.42) and (2.5.43). The surface concen-
trations appear in Fig. 2.5.6, and are the same as the ones in Fig. 2.5.4 (b).

A final example is given for quasi-reversible kinetics. In Fig. 2.5.7 one can find
the cyclic voltammogram and the surface concentrations of a quasi-reversible reaction
with the following values: Dy = 1 x 107 m?/s, Dg = 1.2 x 107 m?/s, E° =0 V,
E0=5x10"%m/s, ® =1 mol/m? a=0.5,n=1and S = 1257 x 107° m*.

According to what has already been mentioned, the limiting convolution current
should be,

I, =nFSy/Dac® =1 x 96485 x V1 x 1079 x 1 = 3.83 x 107> C/s!/?

while the dependence of the convolution current against the potential should follow the
Eq. (2.5.46). The voltammogram together with the respective surface concentrations
appear in Fig. 2.5.7 and the convolution current appears in Fig. 2.5.8.

In the previous section it was shown that for a quasi-reversible reaction, the equation
that is valid is the following,

I, — I(t)(1 + efr(E=F2))

Inke(E) =Iny/Ds — In 0
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Figure 2.5.4: (a) Cyclic voltammogram and (b) surface concentrations of A (black)
and B (red) for irreversible kinetics are a scan rate of 50 mV/s. Parameters:D, =
1x107° m?/s, D =1.2x 10? m?/s, E° =0V, k° =5 x 107® m/s, ® = 1 mol/m?,
a=0.5n=1and S =1.257 x 107 m?

From the respective cyclic voltammogram one can observe that there is a potential
value E(i = 0) where the current reaches zero (during the reverse potential scan). For
this potential value the convolution current has a specific value (i = 0). Taking as a
fact that for this potential value k¢(E) has a certain value, the numerator has to be
equal to 0 as well.

Consequently we have,

T It —1(i=
_RT| L —-1i=0)

Bip=B=00 = p =75 =)

This equation allows the determination of the half wave potential from the convo-
lution current of a quasi reversible reaction. Unfortunately, a similar correlation is not
valid for the case of the irreversible kinetics, as there is no clear potential value where
the current is rendered zero during the reverse scan.

Now, for the example presented in Fig. 2.5.8, the potential F(i = 0) is -0.042 V while
the limiting convolution current is Iy, = —3.837 x 10~° C/s'/2. The current I(i = 0) is
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Figure 2.5.5: (a) Cyclic voltammogram (black) together with convolution current (red)
for reversible kinetics and (b) ascertainment of Eq. (2.5.44). Parameters: Dy = 1 X
107 m?/s, Dg = 1.2 x 1072 m?/s, E° = 0V, kK = 5 x 107® m/s, &® = 1 mol/m?,
a=0.5n=1and S=1.257x 107° m?.

equal to —3.274 x 107° C/s'/2. From these values the resulting half-wave potential is
0.00247 V which is very close to the theoretical value 0.0023 V.

2.5.3 Phenomena affecting of convolution voltammetry

During the previous analysis, the current has been considered to be solely Faradaic
due to the redox reaction of the electroactive species. However, the current monitored
during a real time experiment is a sum of the Faradaic and a capacitance current as
mentioned earlier,

itot () = i(t) +ic(t)

where,
dE

ic = Odl%

and Cy the double layer capacitance, independent of the electrode potential E.
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Figure 2.5.6: Surface concentrations as evaluated from convolution current for reversible
kinetics.

In Fig. 2.5.9(a) the cyclic voltammogram of a quasi reversible reaction in the pres-
ence of capacitance currents is presented, together with the capacitance current (which
can be monitored in an experiment in the absence of the redox species in the solution).

In the same figure the convolution current is presented. Now, comparing to Fig. 2.5.8
(b) one can observe a rather significant deviation of the convolution current in the
presence of capacitance currents. More specifically, the limiting convolution current is
impossible to be determined or even approximated.

A similar effect occurs for the case of the reversible and quasi reversible reaction.
Consequently, the application of the relations that give the dependence of the convolu-
tion current from the potential is rendered quite impossible.

Thus, the experimental procedure that is prosposed in order to overcome this ob-
stacle is the following

e First, a blank experiment shall be performed, in the absence of A and B, so that
the capacitance current is monitored.

e Them, the same experiment under the same conditions shall be performed in the
presence of the electroactive species in order to monitor the resulting current.

e The Faradaic current is then determined by subtracting the capacitance current
from the total current.

e Finally, the convolution current shall be evaluated.

A common effect on a cyclic voltammogram and consequently on a convolution
voltammogram, is that of uncompensated resistance, i.e. the potential drop between
the working and the reference electrode.

In general this effect is considered to be eliminated in the case supporting electrolyte
is present in a solution in a large enough concentration and when the reference elec-
trode is really close to the working electrode. In the literature it is suggested that the
concentration of the supporting electrolyte is 10 to 100 times greater than that of the
analyte. Moreover, the use of Luggin capillary in the reference electrode is suggested.
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Figure 2.5.7: (a) Cyclic voltammogram and (b) surface concentrations of A (black) and
B (red) for quasi reversible kinetics are a scan rate of 50 mV/s. Parameters:Dy =
1x107° m?/s, Dg =1.2x 102 m?/s, E° =0V, k=5 x 107% m/s, ® = 1 mol/m?,
a=05n=1and S =1257x107° m%

For the calculations of this section it has been considered that the chemical species
A is a result of the complete dissociation of the species AC,

AC — At +C™
and that the supporting electrolyte DC is completely disdociated ,
DC — D" 4+ C~

Furthermore, for the redox reaction, it has been assumed that the chemical species A
is reduced to a neutral specied B,

At +e— B

Consequently, the ion concentrations are cjy cf, and ci, = cj + cf.
In order to get a better picture of the effect of the supporting electrolyte on a cyclic
voltammogram, a distance between the working and the reference electrode of 5 mm



Chapter 2. Voltammetry of Free Electroactive Species 73

T T T T T T T T T T T 2e-05
le-05 - le-05
0 40 Q
o N IU)
<\t -1e-05 4 -1e-05 O
"~ B T S~
-2e-05 — -2e-05 ~
-3e-05 - -3e-05
-4e-05 = : : : : -4e-05
-0.6 -0.4 -0.2 0 0.2 0.4 0.6
E/V

Figure 2.5.8: Cyclic voltammogram (black) together with convolution current (red) for
quasi-reversible kinetics. Parameters: Dy = 1 x 107 m?/s, Dg = 1.2 x 1072 m?/s,
E°=0V, k" =5x10"%m/s, ®=1mol/m? a=0.5n=1and S = 1.257 x 1075 m?

shall be considered. The voltammograms are presented in Fig. 2.5.10 for supporting
electrolyte concentrations of 0.1, 0.01 and 0.001 M, a surface area of 0.00785 cm? and
a concentration of the analyte equal to 1 x 10~ M. One can observe that the cyclic
voltammogram for a supporting electrolyte concentration 100 times greater than the
analyte is a satisfactory one. However, when the ratio of the electrolyte and the re-
dox species becomes 10 the peaks start seperating and the magnitude of the peaks is
decreased. This is due to the increase in the resistance between the working and the
reference electrode as well as migration currents.'” Finally when the concentration of
the electrolyte is equal to that of the redox species under analysis, the voltammogram
is fully distorted.

From this point on we shall consider a supporting electrolyte concentration of 0.1 M,
and the effect of the position of the reference electrode shall be discussed (40, 20 and
5 mm). The cyclic voltammograms are presented in Fig. 2.5.11.

It can be observed that the magnitude of the distance between the reference and
the working electrode the current values are lower and the peaks are shifted, while as
the distance becomes smaller the voltammogram comes closer to the expected without
the effect of uncompensated resistance.

In the presented example the diffusion coefficients of A and B are 1x107° cm? /s, the
electrode surface 0.00785 cm?, the number of exchanged electrons is 1 while the charges
of A and B are 1 and 0, while the charges of the ions of the supporting electrolyte are 1
and -1. Consequently the convolution limiting current is expected to be -2.39 uC/s'/2,
In Fig. 2.5.11 the convolution current is presented for the 3 cases. It can be observed
tht the limiting current regardless of the magnitude of the uncompensated resistance
effect remanins unchanged. However the shape of the potential dependent convolution

5Current due to the charge transport that is related to ions and the existence of potential gradient
in the solution. To limit migrational transport of the ions that are components of the redox system
examined in the cell, excess of supporting electrolyte is added to the solution [13].
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Figure 2.5.9: Effect of the capacitance. (a) Cyclic voltammogram and (b) convolution
voltammogram of the redox species (balck) and capacitance current (red) for a scan
rate of 50 mV /s. Parameters: Dy =1 x 107 m?/s, Dg = 1.2 x 107 m?/s, E' =0V,
EO=5x10"%m/s, ®=1mol/m? a=0.5,n=1and S = 1257 x 107° m?.

current changes.

The correction of the uncompensated resistance is achievable in the case the resis-
tance of the solution between the working and the reference electrode is known. In the
present example, the specific conductivity of the electrolyte is

3
D
g =F? ZzzckR—; = 0.7586 S/m

k=1
Consequently the resistance between the working and the reference electrode is,

[
Rg=-—=1.679 x 10° -]
" A 8
where [ is the distance expressed in m.
Thus the resistance shall be equal to 8.397 x 102, 3.359 x 10* and 6.717 x 10* , for

distances 5, 20 and 40 mm, respectively. The real eelctrode potential results from the
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Figure 2.5.10: Effect of the supporting electrolyte concentration on a cyclic voltam-
mogram of a quasi reversible reaction for a distance of 5 mm between the reference
electrode and the working electrode, analyte concentration 1 x 1073 M and electrode
surface 0.00785 cm?. Supporting electrolyte concentrations: 0.1 (black), 0.01 (red) and
0.001 M (blue).

following equation,
E = Evs.ref —1- RQ

In Fig. 2.5.12 the corrected cyclic voltammograms are presented. One can see that
the potential values where the peak potential values are the same. Moreover, the
correction makes up for the peak potential values only and not for the magnitude of
the peaks, which remains downgraded and the distance between the electrode increases.

In Fig 2.5.12 (b) one can find the convolution current resulting from the analysis of
the aforementioned corrected. The slopes nod seem to bear a stronger similarity thatn
before, but still a better approximation than before the correction.

Now the theoretical calculation of the solution resistance is usually inaccurate as
the exact distances and the real diffusion coefficients are not known. The resistance
value however can be determined with precision by using Electrochamical Impedence
Spectrosopy (EIS), a subject that is not going to be addressed here however.

Another factor that shall be examined and affects both the cyclic voltammograms
and the convolution analysis is the electrode geometry. In Fig. 2.5.13 the concentration
and current distributions are presented for the cases of a disc electrode of different radii
- 0.5, 2 and 8 mm. It is visible that the smaller the electrode, the more we cannot reach
the case where the electrode surface is uniformly accessible by ions, as a contribution
of the currents in the axial direction is observed as well. This means that the error in
the assumption of an 1 dimensional problem becomes larger.

The effect of the electrode radius on a cyclic voltammograms is visible in Fig. 2.5.14
(a), for an irreversible reaction. It is worth to notice the deformation as well as the in-
crease in the current density as the electrode surface becomes smaller. In Fig. 2.5.14(b)
the respective convolution currents are observed, where it is obvious that the limiting
convolution current can be determined only for the larger electrode where the approx-
imation of an one-dimensional problem is satisfied better.
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Figure 2.5.11: Effect of the distance between working and reference electrodes of a
quasi reversible reaction for an analyte concentration 1x 10~3 M, supporting electrolyte
concentration 0.1 M and electrode surface 0.00785 cm?. Electrode distance values: 5

(black), 20 (red) and 40 mm (blue).
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Figure 2.5.12: Cyclic voltammograms corrected for the uncompensated resistance for a
quasi reversible reaction for an analyte concentration 1x 10~3 M, supporting electrolyte
concentration 0.1 M and electrode surface 0.00785 cm?. Electrode distance values: 5
(black), 20 (red) and 40 mm (blue).
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Figure 2.5.13: Spatial concentration distributions and ionic currents around an elec-
trode surface for electrode radius of 0.5, 2 and 8 mm. The color legend refers to the
concentration and the arrows to the ionic currentss.
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2.5.4 Sequential and multistep reactions

At this point, we shall examine what happens with convolution voltammetry in sequen-
tial and multistep elelctrochemical reactions.
In the following examples it has been assumed that:

e The solution contains sufficient electrolyte so that the electromigration and the
uncompensated resistance are eliminated

e The capacitance current has been subtracted
e Uncompensated resistance has been corrected

e The electrode is sufficiently large so that the effects of radial contribution can be
ignored.

The kinetic scenario that will accompany us in this section is the following,

ky
A+e R

k_1

ko
R+e B

k_o

where k; are the potential dependent kinetic constants.

In the case where the intermediate R is detectable experimentally the above sce-
nario expresses 2 different subsequent electrochemical reactions, while when it is not
detectable, it expresses the following reaction mechanism,

ke
A+2e=——B
ka

where k. and k, are the apparent potential dependent kinetic constants which are
defined by the k; in a way that depends on their relative values. We shall come back
to this point later on.

To get a better understanding of the difference between successive reactions and
multi-step reactions in cyclic voltammetry we need to map the possible cyclic voltam-
mograms in every case. In the following scenarios examined the parameters that have
been assumed are Dy = 1 x 107° m?/s, D = 1.3 x 107 m?/s, Dg = 1.2 x 107 m?/s
and transfer coefficient for both cases a = 0.5. Moreover, the potential is scanned
linearly from E; = 0.8 V to Fg = —0.8 V (cathodic scan) and the other way around
during the respective anodic scan. For each step we shall consider that the current is
given rom the following equations

it = AFE(cpe - BB _ ¢\ o~ Hr(B-FD) (2.5.47)

iy = AFE)(cpe T F-F8) _ cpom i (F-FD)) (2.5.48)
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where the concentrations are the ones on the electrode surface. The surface of the
electrode is A. It is obvious that Butler-Volmer law has been assumed,

ke (E) = kbefr (B-F)
koy(E) = ke mrr (=) 0549
lio(E) = kbe~fir (B—E3) o
koo(B) = Ke w5

where E? and EY are the formal electrode potentials of each step. Since the individual
reactions express the mechanism of the whole reaction the formal potential is given by
Luther’s law,

E} + EY
2

given that for the whole reaction n = 2, while for the individual ones n; = ny = 1.
Moreover, if the individual reactions express the steps of the whole reaction the total
current shall be expressed by the following expression,

EO

i= 2Fk0(cBeb1%(E_Eo) — cAeflgcTF(E_Eo))

where both k° and b,, b, depend on the relative values of k;. We shall get back to this
point later on. If the individual reactions express just two successive reactions, then
the current shall be expressed as i = 11 + 5.

In Fig. 2.5.15(a) the case where the kinetic constants are equal - k¥ = kY = 1 x
10 m/s-and EY = 0.4V, B = 0.2 V is presented.'® For a large scan rate of 500 mV /s
two cathodic and two anodic peaks occur. In this case the kinetics for both the first
and the second reaction are irreversible. As the scan rate lowers the kinetics of both
reactions tend towards quasi-reversibility and for the lowest scan rate examined, that
is 0.1 mV/s, the kinetics of both reactions can be characterized as reversible.

The cyclic voltammograms presented in Fig. 2.5.15(a) reveal two successive electro-
chemical reactions and not a multi-step one. If one observes closely the scanning the
intermediated R resulting from the reduction of A (first cathodic peak), is reduced to
B (second cathodic peak). Moreover, the intermediate R that is produced during the
oxidation of B (first anodic peak) is oxidized again to A (second anodic peak).

The fact that the intermediate R is detectable can be be shown by taking a look
at the surface concentration profiles in Fig. 2.5.15(b) where the surface concentration
profiles of all the species is presented for a scan rate of 10 mV/s.!” Tt is obvious that
for these values of kinetic constants and scan rates, the life time of the intermediate is
rather considerable as the concentration reaches high values during the potential scan.

For the analysis of the voltammograms in Fig. 2.5.15(a) several paths can be consid-
ered. According to the theory of cyclic voltammetry since the kinetics are not reversible,

16In this Figure the current is normalized with the square root of the scan rate for reasons of
visualization
"For comparison reason the time is the z-axis is the dimensionless one 7 = tvF/RT.
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Figure 2.5.15: Sequential reactions. (a)Cyclic voltammograms normalized with the
square root of the scan rate for £ = k9 = 1 x 107 m/s, EY = 04 V, EY =02V
at different scan rate values. 0.1 (black), 1 (red), 10 (blue) 100 (green) and 500 mV /s
(magenta) (b) Surface concentration of A (black), B(red) and R (blue) for v = 10 mV//s.

the dependence on the potential is a function of the scan rate according to the following

equation,
RT RT RT  RT
Epei = E?—0. In k0 Inov-1/2
vei = B =080 ki p R Y

Consequently, a diagram of the peak potential of an action versus the logarithm of
the inverse scan rate has to be linear. From this slope the transfer coefficient. Then,
for a known transfer coefficient , in general one can calculate the kinetic constant of
the respective reaction can be calculated. this however requires knowing of the formal
potential and diffusion coefficient.

In another approach if convolution is applied, the transfer coefficient can be easily
extracted. After the convolution current is calculated, and [y, is determined, the In %
diagram is designed. From the slopes of this diagram the respective transfer coefficients
result.

In Fig. 2.5.16(a) one can find the currents together with the respective convolution

currents for scan rates of 1 and 100 mV /s normalized with the electrode surface. It
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Figure 2.5.16: Sequential reactions. (a)Cyclic voltammograms (full lines) and convolu-
tion current (dashed lines) for kY = k9 = 1 x 107 m/s, EY = 04 V, E) = 0.2 V at
different scan rate values (b) Diagrams for the estimation of a. Scan rates examined: 1
(black) and 100 mV/s (red).

is noticeable that the limiting convolution current has a value of -6.1 C/s*/?m?2. This
value is the same as the theoretical one,

I, = nF\/Dac® =2 x 96485 x V10-9 x 1 = —6.1 C/s/*m?

It is also observable that the convolution current ahs a “step— which corresponds to
the existence of two seperate cathodic peaks in the voltammograms.

Now in Fig. 2.5.16(b) the dependence of In % against the potential is presented.
Two linear regions can be found with the more anodic one reflecting the first reaction
while the more cathodic one the second. The calculated slope for the first reaction is
22 while for the second 20.3 (the theoretical one is 19.46).

If the procedure introduced in the quasi reversible case, one can calculate the half
wave potential of the second reaction - an approximation for £ that is. From the cyclic
voltammogram one can conclude that E(i = 0) ~ 0.18 V and from the convolution
current I(i = 0) ~ —5.3 C/s*?m?. From the aforementioned values we get that E; 5 =
0.2 V.

Now let’s continue the analysis of the same kinetic scenario considering that the
intermediate is not detectable - its concentration remains practically zero during the
measurement. Moreover, we shall consider that its concentration is very small and

practically remains unchanged in time (in comparison to the concentrations of A and
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B),
dCR
— =0 2.5.50
Under these assumptions, the two-step reaction is under steady state conditions, i.e.
the rate of the first step is equal to that of the second one.This becomes obvious in the
case the kinetic law for the intermediate is written,

dc
d_; oy (2.5.51)
thus, using Eq. (2.5.50),
N = T2 (2552)
where 7; is the rate of its step. From Eq. (2.5.52), we have,
k?l(E)CA — k’_l(E)CR = kQ(E)CR - k_Q(E)CB (2553)

consequently the concentration of the intermediate R at each time shall be,
k(B ko (E)
CR — CA CB
ko1(E) + ko (E) k-1(E) + ko(E)

Substituting the expression of cgr in the expression of the rate of either the first or the
second step the reaction rate that occurs under steady state is

(2.5.54)

ki (B)ks(B) EA () (E)
p— = = - 2.5-55
TN B) k(B ) k) )
But from Faraday’s law we have that i = —nAFr, thus for the Faradaic current and
n=2),
i =2AFk,(E)cg — ke(E)ca] (2.5.56)
where the apparent kinetic constants are given from the following expressions,
ko1 (E)k_s(E)
k.(FE) = 2.5.57
)= 5B + h(®) (2550
k1 (E)k2(E)
k.(F) = 2.5.58
)= B + k() (2559
The following cases are distinguished,
o If k_1(E) > ko(F) then for the rate we have,
ky(E)ky(E
- %CA —ko(B)ep = K\ (E)ka(E)ea — koo(E)ey (2.5.59)
-1

where K7 = ky/k_1. One can observe that the rate depends only on the kinetic
constants of the second step. in this case, the second step is the one determining
the rate.

The current shall be given by the expression,

i = 25F[k_o(E)eg — K1(E)ky(E)ca] (2.5.60)

From the above equation and the Eq. (2.5.49) one can understand that:
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— The apparent anodic kinetic constant is k_»,
ka(E) = ke "R (B-E9)

meaning that if the second step is the rate determining and the anodic ex-
ponent b, will be,

_ (1=a)F
ba = T = 38.92 x (1 CL)

at 298.15 K. For a = 0.5 the value of the exponent is 19.46.

— The apparent cathodic kinetic constant is Kiko,

0p— H7 (E—EY) .0 o~ 5 (B~ E9)
_ kye™ rt kye™ mr _ kgef%[(lJra)EfangE?]

ke(E)

J0e TR (B )
Using Luther’s law, the above correlation becomes,

ko(E) = Ky~ (EE9)
where k) is given by the expression,

ké _ kge—%(aEO—O‘SE?)

meaning that if the second step is the rate determining one, the cathodic
exponent b, shall be,

(14+a)F

b. =
RT

=38.92 x (1+a)
at 298.15 K. For a = 0.5 the value of the exponent is 58.38.
o If k_1(E) < ko(F) then what is valid for the rate is,

Eoa(B)k_s(E)
o (E)

r=ki(FE)ca — cg = ki1(E)ca — Ky(E)k_1(E)cp (2.5.61)

where Ky = k_5/ks. One can observe that the rate depends only on the kinetic
constants of the first step. In this case the first step is the rate determing one.

The current shall be given by the expression,

i = 2AF[Ky(E)k_(B)es — ki(E)ca) (2.5.62)

From the above expression and Eq. (2.5.49) one can conclude that:
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— the apparent anodic kinetic constant is Kok_1q,

(1-a)F 0 (1-a)F 0
0,~—%+—(E—EJ)1.0 ,~=+—(E—EY)

/{ia(E): k2€ RT 2 kle RT 1 _ OeRT[(2 a)E— E0+aEU EO]
]{;ge_%(E—ES)

Using Luther’s law the above expression can be written as follows,
a(B) = KR (5r)

where the constant k] is given by the expression,

r 0 0
k/ _ koe &7 (E°=EY)

This means that if the first step is the rate determining one, the anodic
exponent b, shall be,

(2—a)F
RT
at 298.15 K. For a = 0.5 the value of the exponent is 58.38.

— The apparent cathodic kinetic constant is kq,

by = = 38.92 x (2 — )

0 —ab

ko(E) = ke fir (F-EY)

This means that if the first step is the rate determining one, the cathodic

exponent b, shall be,

alF
b. = RT—3892><a

at 298.15 K. For a = 0.5 the value of the exponent is 19.46.

At this point one important point needs to be made. As already mentioned, the
relative values of k_;(FE) and ky(E) are responsible for the rate determining step. How-
ever, in a voltammetric experiment the values of k_;(F) and ky(E) are determined by
the by the potential value as it is scanned linearly in time. This means that the rate
determining step is not defined solely by the values of k¢ and k9 but from the values
that k_1(E) and ko(E) get for every potential value. In other words during an exper-
iment the relation of these constants can be kept (e.g. k_1(F) remains always smaller
than ky(E)) or change (e.g. for a potential window k_;(FE) is greater than ky(E) and
in another region smaller). The analysis of the anodic and cathodic exponents and
their dependence from the potential can reveal a possible change in the mechanism in
a potential region.

Another point that is worth mentioning is the following. Assuming a reduction is
studied, this means we start from a solution containing only A and we scan towards
negative potential values. However, k_;(E) is the oxidation kinetic constant of R and
is given by the expression,

k_((E) = K¢ Rr (B-EY)
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Consequently we can expect that as the potential E' becomes more negative, k_;(F)
decreases constantly. On the other hand, ko(E) is the reduction kinetic constant of R
towards B and is given by the expression,

ko (E) = ke #r(F=F3)

Consequently, we expect that as the potential £ becomes more negative, ky(E) con-
stantly increases. Thus, one would expect that during the cathodic scan kyo(FE) >
k_1(F) is always valid, meaning that the 1st step is always the rate determining one.

However, it should be noted that the values of k_(E) and ko(E) are not determined
by the value of E but from the difference £ — E?. Thus, if the formal potential of the
second step is more anodic than that of the first one, it is possible that k_;(E) > kq(E),
at least in a potential range. The different cases shall be discussed in the examples that
follow.

In Fig. 2.5.17 the diagrams for £ = 107® m/s, k3 = 107° m/s, EY = 0.2 V,
EY = 0.1 V are presented. One can observe that during the cathodic scan the voltam-
mogram appears to have only one irreversible peak at about -0.3 V. From the surface
concentration diagrams the reaction seems to be under steady state conditions during
the cathodic scan as the concentration of the intermediate R is very small and constant
comparably to the ones of the species A and B for the first 32 s. From the diagram
of the dependencies of k_;(F) and ko(E) from the potential, it can be concluded that
during the current increase of the reduction peak k_;(F) < ky(E). Consequently the
first step is the rate determining one. Since the first one is the rate determining step,
the cathodic exponent should be b, = aF'/RT ~ 19.8 at 293.15 K, when a is 0.5. The
slope analysis can be found in Fig. 2.5.17 (c) where it is estimated that the slope of
In IL;I against potential is 20.458, really close to the theoretically expected one.

In Fig. 2.5.17 the diagrams for k¥ = 1072 m/s, kS = 107® m/s, EY = —04 V,
EY = 0.3 V are presented. One can observe again that in the cathodic scan of the
cyclic voltammogram only one irreversible peak appears at about -0.35 V. From the
surface concentration diagrams steady state can be ascertained as the concentration of
the intermediate E is very small and stable in comparison to the concentrations of A
and B.

From the diagram that concerns the dependencies of k_;(E) and ko(FE) from the
potential, it can be concluded that almost in the whole region of current increase of the
cathodic peak k_1(E) > ko(E). Consequently the second step is the rate determining
one.

Since the second step is the rate determining, the cathodic exponent should beb, =
(14 a)F/RT =~ 58 at 298.15 K, since a is 0.5. The analysis of the slope in Fig. 2.5.17

(b) of In IL; L against the potential is 54.151, very close to the theoretical one.
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Figure 2.5.17: (a) Cyclic voltammogram (black) and the respective convolution current
(red) of a multistep reaction. (b) Kinetic constants k; (black) and ks (red) for the
same reaction (c) Dependence of In IL]_I against the potential (d) Surface conentrations
profile. ca (black), ca (red) and cg (blue). and Parameter values: kY = 107% m/s,

K =10"m/s, EY =02V, EY =0.1 V.
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Figure 2.5.18: (a) Cyclic voltammogram (black) and the respective convolution current
(red) of a multistep reaction. (b) Kinetic constants k; (black) and ks (red) for the same

reaction (c) Dependence of In 2t

profile. ca (black), ca (red) and cg (blue). and Parameter values: k¢

K =105 m/s, EY
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3. Voltammetry of Immobilized Species

In this chapter, an analysis shall be made concerning an immobilized on an electrode
surface electroactive species. The treatment will again be side by side for cyclic voltam-
metry and the corresponding cases in FTacV. The study will start from an one step
reaction of an electroactive species, moving on to two step reactions. After that, what
shall be studied is the coupling of the redox reaction of the immobilized species with
a reaction that concerns a species free in the bulk solution. More specifically the
Michaelis-Menten kinetics of an immobilized enzyme shall be thoroughly analyzed as

well as various cases of an electrochemical-chemical (EC) mechanism.

All the results in this chapter are computational from solving the differential and/or
respective integral equations in each case. As in the case of free species, XXPaut was
used for solving differential equations [1]. After this chapter is over, one shall have a
basic understanding of FTacV in comparison with cyclic voltammetry regarding various
scenarios of redox reactions of immobilized species. A methodology to extract kinetic
constants - both electrochemical and chemical - using FTacV is introduced which shall
be quite useful in the experimental section of this thesis with the study of immobilized

enzymes.

3.1 One Step Reaction

3.1.1 General formulation for CV and FTacV

Starting from the simplest case of an one step electrochemical reaction, we shall begin
by considering an electrochemical reaction having a standard (or formal) electrode
potential £Y, where both oxidized (Ox) and reduced species (Red) are immobilized on

the electrode surface (Fig. 3.1.1),

C

ka

Ox + ne Red

91
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where n is the number of exchanged electrons, k. the cathodic kinetic constant and k,
the anodic one. The units for both kinetic constants are 1/s. Let us denote as '’ the
initial surface concentration of Ox species and assume a Butler-Volmer law for the rate
constants,

ke = kO~ R (B-E) (3.1.2)
ko = K0T (E-E) (3.1.3)
where k° is the standard rate constant and a the transfer coefficient.

Immobilized Species

Solution

layer

Ox m
(D
@)
r—l—
—
S

e
Red (D

Figure 3.1.1: Immobilized species reaction scheme. The oxidized form, Ox, of the
immobilized on the electrode surface electroactive species gets an electron from the
electrode surface and is reduced to its reduced form, Red.

3.1.2 Cyclic voltammetry of immobilized species

For the case of cyclic voltammetry, it has been well estabished that the dimensionless
expression of the Faradaic current during the redox reaction of the immobilized species
can be given from Eq. (3.1.4) as a funtion of dimensionless time [2],

Yovr = ke exp(—ad){1 — [1 + exp(— / Yoy rdn} (3.1.4)
where,
YovF = FSF;OF—% (dimensionless current for cyclic voltammetry)
F B . . .

= RT(E E”) (dimensionless potential)

FV . . : )
oV = ﬁt (dimensionless time for cyclic voltammetry)

RT K° o )
koy = —— (kinetic parameter for cyclic voltammetry)

F v
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Regarding the rest of the symbols appearing in the dimensionless magnitudes, F
corresponds to the Faraday constant, S to the electrode surface, I'Y to the total sur-
face concentration, E the applied electrode potential, E° the formal potential, v the
scan rate, t the time, T the temperature and k° the standard electron transfer kinetic
constant.

The sweep of the dimensionless potential, together with the progress of the surface
coverage and the resulting dimensionless current as a function of the dimensionless time
for a large value of the kinetic parameter kcy , are presented in Fig. 3.1.2. It can be
observed that, as the dimensionless potential goes to more cathodic values, the surface
coverage 6 - that reflects the ratio of the surface concentration of the oxidized form of
the immobilized species to the initial surface concentration - lowers until it reaches the
value of zero, meaning that the species is fully reduced. During this cathodic scan, a
peak appears at the negative values of the dimensionless current, corresponding to the
reduction of the immobilized species. The peak for large values of kcyv appears at the
standard potential of the redox species (indicated by the dashed line in Fig. 3.1.2). The
cathodic scan stops when the dimensionless potential reaches its lower limit, and then
the scan reverses towards the initial potential. As the dimensionless potential increases,
the coverage value also goes up to the point it reaches its maximum value of one,
signifying the regeneration of the oxidized form of the immobilized species. Moreover
during the anodic scan, positive dimensionless currents appear, with a maximum point
again at the value of the standard potential of the species (also indicated by the dashed
line in Fig. 3.1.2).

Since it is more common to represent cyclic voltammograms as an expression of po-
tential, instead of time, the cyclic voltammogram of Fig. 3.1.2) as a funtion of potential
is presented in Fig. 3.1.3 (black line). The case examined, which is that of large kcy,
corresponding to a reversible redox reaction. In such a case, the peak of the dimension-
less current corresponds to a value of 0.25 [2]. If this value were to be translated into
an expression with dimensions, it would be written as in Eq. (3.1.5), which shows that
the peak current, i, cv is proportional to the scan rate, v,

Fu

j = 0.25FST°
pcv 0.25FS RT

(3.1.5)

Moreover, for fast kinetics, no separation is observed in the oxidation and reduction
peak, as they both fall at the value of the standard potential.

But the case of fast kinetics is not the most common one encountered in nature.
More often the redox reaction of immobilized species fall into the category of slower
kinetics, which corresponds to lower values of kcy. It is apparent from the expression
of kcv either due to lower values of the standard kinetic constant, or due to increasing
scan rate. As kcy decreases, the voltammogram transcends from a quasi-reversible
state where the peaks are not well seperated and the value of the peak lowers (red and
blue line in Fig. 3.1.3), to an irreversible state, where the peaks are well separated and
reach a value of i, cy = 0.368a (green, orange, magenta and violet lines in Fig. 3.1.3).

If the value were translated into an expression with dimensions it would be written as
in Eq. (3.1.6),
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Figure 3.1.2: Example of cyclic voltammetry for an immobilized species. (a) dimen-
sionless potential £ against dimensionless time ¢y (b) surface coverage 6 against di-
mensionless time 7cy (¢) dimensionless current oy r against dimensionless time 7y .

Fov
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There are also expressions which correspond to the shift of the anodic and cathodic
peak as well as the half-height peak widths of the voltammograms in the irreversibility
region. At this point, the dimensionless expressions shall not be presented and we shall
proceed with the dimensional quantities. The values of the anodic £}, , and the cathodic
potential E, . are presented in Eq. (3.1.7) and (3.1.8), respectively,

ip.cv = 0.368aF ST (3.1.6)

RT RT K°
Fovap = 20+ W (7Y '
Voap * oF (1—a)F v (3:1.7)
RT RT k°
E =FE'+ —In(—— 1.
CV.ep + aF n((zF v) (3.1.8)

The expressions for the half-height peak widths for the anodic AE, , and AE,, . are
found in Eq. (3.1.9) and (3.1.10), respectively,
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Figure 3.1.3: Dimensionless cyclic voltammograms of a one electron one step reaction
for immobilized species for ag = 0.5, £ = 0 and kcy = 10 (black), 1 (red), 0 (blue), 0.1
(green), 0.01 (magenta), 0.001 (orange) and 0.0001 and (cyan)

RT
ABoyan = 246" 3.1.9
RT
AEcy.ep = 246 (3.1.10)

3.1.3 FTacV of immobilized species

Before we shall continue to the case of FTacV, we should note at this point that for
the immobilized species, two different approaches were followed giving identical results.
In the first approach, the kinetic equations for the coverage of the immobilized species
were integrated and the ac-voltammograms were determined. Ac-voltammograms were
Fourier transformed and the signal in the frequency domain was filtered by apply-
ing a rectangular window around each integer multiple of the perturbation frequency.
The filtered signals were inverse Fourier transformed to the time domain and thus the
harmonics were obtained. Now, in the second approach, the ac-voltammograms were
obtained directly from the corresponding integral equation and filtered in the time-
domain by a 10th order Butterworth filter around each integer multiple of the pertur-
bation frequency. A Hilbert transform was applied in order to obtain the envelope of
each harmonic'.

Intergration of the kinetic equation for the coverage

Examining the kinetics of Eq. (3.1.1) one can understand that the rate r for this elec-
trochemical reactions is

r = kCFOX — kaFRed (3111)

IThe latter method was used as an alternative to the Fourier transform of the voltammographic
signal and gives identical results.
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where "oy and I'geq the surface concentrations of Ox and Red respectively. By defining

as surface coverage, 6, the ratio FF%X and taking into account that at each time,

[ = Tox(t) + Treal(t) (3.1.12)

the rate from Eq. (3.1.11) becomes,

r = kCFQX — karox(l — (9) (3.1.13)
Thus,
dFOX
. 1.14
v r (3.1.14)
dé
G = e+ ka(1-0) (3.1.15)

Now, since the Faradaic current ip can be expressed as,
ip =—nkFr (3.1.16)

where F' is the Faraday constant, the Faradaic current can be expressed as in the
following expression,

ip = nFT [k, (1 — 0) — kqb)] (3.1.17)

Assuming Butler-Volmer kinetics now as mentioned in the beginning of the chapter,
the Faradaic current now becomes,

ip = nFTORO[(1 — 0)e R B=F%) _ gt (B—E°)] (3.1.18)

Now, assuming a cyclic voltammetry experiment where the potential starts from an
initial value F; and is scanned linearly towards more cathodic potentials against time
at a certain scan rate v , and the scan is reversed at a time tg, the applied potential
can be expressed as in Eq. (3.1.19),

EIEI—UtR—i-Ult—tR‘ (3119)

When it comes to FTacV together with the scan sweep, a sinusoidal perturbation
Asin 27 ft is imposed, where A and f are the perturbation amplitude and frequency
respectively, and the scan is reversed at a time tg, the applied potential can be expressed
as in Eq.(3.1.20),

E = Ey — vlg + v|t — tg| + Asin 27 ft (3.1.20)
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At this point we shall introduce the dimensionless quantities for FTacV in the fol-
lowing equations,

Tac = [T (dimensionless time for FTacV)
AF
@ = or (dimensionless amplitude)
]{ZO
kac = 7 (kinetic parameter for FTacV)
YacF = FOZ—Ff (dimensionless current for FTacV)
=l (dimension! te for FTacV)
= imensionless scanrate for FTac
7= RTf

The dimensionless time here is a function of the frequency - and not of the scan rate
as in cyclic voltammetry - indicating that the time scale that matters in this method
is that of the frequency and not that of real time. This assumption stands as long as
the method is independent of the scan rate, as discussed in the previous chapter. The
dimensionless amplitude, undergoes a transition similar to that of the dimensionless
potential. The dimensionless current is yet again dependent on the frequency and
not the scan rate. Moreover it is evident that the current density is proportional to
the frequency. Finally, the dimensionless kinetic parameter k,. is only dependent on
the frequency as well for a given value of amplitude, and as the frequency increases,
k.. decreases, giving less reversible kinetics. From this dimensionless analysis, it is
rather obvious that the frequency is equivalent to the scan rate in a cyclic voltammetry
experiment, as it influences the kinetic parameter and the current density in the same
way as the scan rate does in cyclic voltammetry.

The dimensionless expressions for the applied potential and the current density as
an expression of the surface coverage can thus be expressed as in Eq. (3.1.21) and
(3.1.22), respectively,

E =& — 0TR + 0|Tac — Tr| + Ao sin 277, (3.1.21)
Yaer = k(751 — 0) — 99) (3.1.22)

And this concludes the first approach regarding the integration of the kinetic equa-
tion for the coverage.

Integral Equation solving

Now, if we go back to Eq. (3.1.17) and take a different path we can produce a time

dependent expression of the coverage. Starting from % = —t the coverage can be

dt nFTo
expressed as,

t .
]
0(t) = 90+/0 nFFOdt
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where 6, is the initial coverage for the Ox species. For §y=1 one can derive that,

t .
i
0(t) =1 dt 3.1.23
It is also obvious that,
t .
i
1—-0(t) =— dt 3.1.24
0=~ [ —m (3124

Now, using these expressions of 6 and putting them back in Eq. (3.1.17) the derived
current expression is,

b

toyg
jcr = —nFTk, | ——dt — k. (1 dt 1.2
tacp = —n T /OnFFO ( +/0 o] (3.1.25)

Assuming once again Butler-Volmer kinetics, the above expression changes to,

t .
A-ao)F 0 1
acp = —nFIK0[e T (B-ED) / dt—
lac.F n e T

t .
Fir (B-E%) (1 / -y
A EE 4 [ )

By substituting the same dimensionless magnitudes for FTacV as the ones introduces
in the previous section, the dimensionless form of the current is,

(3.1.26)

wac,F = _kac[e(la)éf ¢aC,FdT - eia£<1 +/ waC,Fdﬁ—)] (3127)
0 0

which shall be solved together with the dimensionless potential as reported in Eq. (3.1.21).
The filtered voltammogram around the A-th integer multiple of the frequency f is
obtained by applying the appropriate filter wy,(7) on 9 (1), in the time-domain, i.e.,

&h(r) = (1) * wp(T) (3.1.28)

where the asterisk represents the convolution. Finally, the h-th harmonic is most com-
monly represented as the envelope of ¢, (7), which can be obtained as follows,

Un(T) = [ + FH ()| (3.1.29)

where H(-) is the Hilbert transform and j = v/—1. Under the assumption of potential-
independent specific capacitance, harmonics higher than one do not include any capac-
itive contribution.

In Fig. 3.1.4 one can find the dependence of the dimensionless potential, surface
coverage and dimensionless current for FTacV against the dimensionless time, similar
to the correspondind dependencies for cyclic voltammetry presented in Fig. 3.1.2. These
dependencies shall not be analyzed yet, as we will return to them later in this chapter.
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Figure 3.1.4: Example of FTacV for an immobilized species for oy = 3.892 (a) di-
mensionless potential £ against dimensionless time 7., (b) surface coverage 6 against
dimensionless time 7,., (¢)dimensionless current ) against dimensionless time 7.

Analysis

We shall move to the results extracted from the above analysis. For |£| > 0 and under
the condition of independence on scan rate, the harmonics depend on one experimen-
tal parameter when solving the dimensionless problem, namely the the perturbation
amplitude ag, and two kinetic parameters, namely the rate constant k,. and the trans-
fer coefficient a. In principle, the reaction is considered as “fast” or reversible if k,.
is large (large k° and/or small f) and “slow” or irreversible if k,. is small (small £°
and/or large f). For values of k,. between these two limits, the reaction is considered
quasi-reversible.
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Reversible Systems

As long as the independence of the scan rate holds, we begin with the analysis that
concerns the chief observables in the case of a reversible reaction of an immobilized
electroactive species.

In order to study this case let us revert to an analytic solution of Eq. (3.1.27), when
kae — 00. In such a case, Eq. (3.1.27) becomes,

—etl /¢acF d5—1+/ YacF(s

resulting in the Faradaic component of a reversible ac-voltammogram,

/ )
Yack =& (T)m (3.1.30)

The raw voltammograms - before any process - for three different dimensionless
amplitudes are presented in Fig. 3.1.5, together with surface coverage against time.
As the dimensionless amplitude increases, the raw voltammograms increase in both
magnitude and width, whereas the coverage always varies between the values of 0 and
1. The difference in the surface coverage in the cases of cyclic voltammetry and FTacV,
is that in the first case the coverage is a single line regardless of the manipulation of
the parameters, while in the second one the theta is “spread” across time, and this
“spread” increases as the amplitude goes up. This can be explained in the sense that
as the potential is scanned, and apart from the linear sweep, a perturbation also takes
place which forces the potential to swing between values as it is scanned.

This could be more easily understood with an example using parameters in their
form with dimensions. Assuming an E° = 0, a potential sweep going from 500 to -
500 mV , we examine what happens when the potential ramp reaches a value of 150 mV.
If the perturbation amplitude is at 100 mV , the potentials around the selected one will
be among 250 and 50 mV, thus no oxidation or reduction will take place yet as the formal
potential has not yet been surpassed. Now, in the case where the applied amplitude is
200 mV the potential varies between 350 and -50 mV, thus oxidations and reductions
around the formal potential start occurring despite the linearly applied potential not
having yet reached such values where these reactions would be feasible. Then in the
case of an amplitude of 300 mV the potential would vary from 450 to -150 mV, thus
the redox reaction would become more intense as the overpotential would increase as
well.

Regarding the analysis of a reversible system of an immobilized species, an example
can be found in Fig. 3.1.6 for different values of dimensionless amplitudes. The first
six harmonics that occur after the direct and inverse FFT can be found in Fig. 3.1.6
(b). The distinct features for the odd and even harmonics (as in the case of a free
reversible species) are the width at the half of the maximum of the principal peak and
the displacement of the principal peak respectively, as the amplitude increases. In the
zoomed in areas of the Fig. 3.1.6(b) these dependencies are visualized and pointed out.
For the second harmonic the displacement of the principal peak towards more negative
potentials is shown. Accordingly the other principal peak of the second harmonic is
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Figure 3.1.5: (a)Unprocessed FTacV voltammogram for immobilized species, (b) surface
coverage 0 against 7 of immobilized species for o 0.9735, £° 0, k 20 and ag 3.892 (black),
7.786 (red) and 11.678 (blue).

displaced towards more positive values. As an example for the odd harmonics, the
width at the half of the maximum is shown for the 3rd harmonic. A quantification
of the aforementioned features are presented in Fig. 3.1.7(a) and 3.1.7(b) for all the
harmonics up to the sixth. Fig. 3.1.7(a) refers to the odd harmonics while 3.1.7(b) to
the even ones.

Next, in Fig. 3.1.8 the maximum height of the principal peak(s) of each harmonic
is presented. The increasing trend is similar to that of a free electroactive species,
schematically at least, with a very intense increase with the amplitude that reads to
a saturation value at high amplitudes. A difference that can be spotted is the region
of large amplification, which for a free species is between 80 and 220 mV for one
electron and 50 and 180 mV for two electrons, whereas for an immobilized species it
can considered from 100 to 275 mV at 298.15 K. By fitting these regions to equation
3.1.31 the values in Table 3.1 occur.
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Table 3.1: Fitting parameters for Eq. (3.1.31) in the region from oy = 1.946 to 12.650

h ap bh

2| 1.578 | 3.293

3| 1.691 | 4.386

4| 1.829 | 7.297

5| 1.937 | 9.256

6 | 2.046 | 12.262
b

In @/Jpﬁ =ap — — (3131)
o

By looking more closely to Fig. 3.1.8 the saturation dimensionless currents coincide
for the 2nd and 3rd harmonic, whereas saturation for harmonics higher than the 4th
has yet to be reached at an oy value of 19.462, which signifies that theoretically there is
room for further amplification of the signal, something hard to achieve in practice due
to probably evoking other reactions if such high amplitudes are applied. For example,
when using a glassy carbon electrode examining a substance with an E° at -100 mV vs
Ag|AgCl, KCI sat, when using an amplitude of 600 mV at 298.15 K (ap 23.353) at an
acidic pH in an aqueous solution, while scanning cathodically the potential, due to the
large perturbation, proton reduction will also be present in the signal, thus rendering
the analysis more tricky due to the interpolation of two electrochemical reactions.

Quasi Reversible and Irreversible Systems

Up to this point only the case of the reversible immobilized electroactive species has
been described, but of equal -if not of more - interest are the systems that their kinetics
is not as fast.

By solving Eq. (3.1.29) one can determine the regions of reversibility, quasi-reversibility
and irreversibility are further determined by the value of the perturbation amplitude
ao and the dimensionless standard rate constant k,.. The effect of ay on the height of
the principal peak, v, p,, of each harmonic up to the 6th is presented in Fig. 3.1.9, for
a = 0.5 and o = 1. It can be observed that for small values of k.., the height of the
principal peak is rather small, whereas for large values, v, ;, tends to a limiting value.
It has to be noticed that the trend just described concerns the dimensionless height of
the corresponding harmonic. The effect of perturbation amplitude is also evident from
the plots of Fig. 3.1.9. Large values of ag induce a wider range of k where the limiting
value of 1), 5, is observed, that is, shift the system towards the region of reversibility.

Now, in order to get a better understanding of the waveform of the harmonic, in
Fig. 3.1.10 and 3.1.11 an immobilized species for different values of k.. is examined at
an o 3.894 and 11.68 respectively. At 3.894 (which translates at 100 mV at 298.15 K)
as the k.. lowers in all six harmonics, the magnitude drops drastically, and as the order
of harmonic order increases, the decrease of the magnitude goes further down. At this
amplitude, when it comes to the first harmonic, the peak of the harmonic falls one order
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Figure 3.1.7: (a) Width at half maximum for the principal peaks of the odd harmonics
and (b) peak potential of the principal peaks of the even harmonics, as a function of
the perturbation amplitude o at T" = 298.15 K. Dashed lines refer to the results of the
free species, while full lines to the result of the immobilized.
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Figure 3.1.8: Maximum peak height, as a function of the perturbation amplitude ay,
together with the dimensional amplitude for 7" = 298.15 K for a reversible reaction.
Ist (black circles), 2nd (red squares), 3rd (blue diamonds), 4th (green triangles), 5th
(magenta plus) and 6th harmonic (orange x).

of magnitude, whereas in the 6th harmonic, 3 orders, in the transition from a totally
reversible to a totally reversible case. Moreover, for lower k,. values a deformation of
the peaks occur leading to a small uniform peak for all the harmonics, which starts to
displace as the k,. decreases further.

In Fig. 3.1.11, where the same parameters at a higher amplitude (11.68 which trans-
lates to 300 mV at 298.15 K), looking at all the harmonics one could tell that the k has
a smaller effect at the maximum of the harmonics. Yet, still when it comes to the 6th
harmonic, a decrease of 2 orders of magnitude is still observable when comparing the
reversible and the irreversible case.

Moreover, by taking a look in Fig. 3.1.10 and Fig. 3.1.11, one could observe that 3
zones are distinguishable. The reversible, the quasi-reversible and the irreversible, with
the reversible zone remaining unchanged regardless of the ag, while the limits of the
quasi reversible and the irreversible can be altered.

In the case of the quasi-reversible kinetics, two regions can once again be distin-
guished. The 1st one extending where the principal peak in the odd peak decreases but
still hasn’t been displaced and the region where the harmonics start deforming until
they reach the irreversible state. Now, regarding the shift of the dominant peak of the
odd harmonics, the dependence can be found in Fig. 3.1.12

It is evident that for large values of k,. the principal peak of the odd harmonics
is observed at ¢ = 0, that is, at E° As k,. becomes smaller, a cathodic (anodic)
shift of the principal cathodic (anodic) peak occurs, its value depending on ag. This
effect is depicted in Fig. 3.1.12. It is observed that the region of £ where the potential
of the principal peak is equal to the standard (or formal) potential is wider for large
values of ag. Moreover, for small values of k a linear dependence in observed in these



106 3.1. One Step Reaction

Vo4

WP,S

wp,6

-4 3 2 -1 0 1 2
log(k)

Figure 3.1.9: Maximum peak height for, as a function of the dimensionless kinetic
constant k,. for different dimensionless amplitudes for harmonics 1 through 6, for an
immobilized species. g values: 1.947 (black), 3.959 (red), 5.939 (blue), 7.919 (green),
9.898 (orange) and 11.878 (magenta).
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Figure 3.1.10: 1st through 6th harmonic of immobilized species for o 0.9735, £° 0, «y
3.894 and k,. 500 (black line), 2 (red line), 0.85 (blue line) and 0.5 (magenta line). In
the insert diagramms the values for k are 0.01 (black line), 0.005 (red line), 0.001 (blue)
line and 0.0001 (magenta line).
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Figure 3.1.11: 1st through 6th harmonic of immobilized species for o 0.9735, £° 0, ag
11.68 and k,. 500 (black line), 2 (red line), 0.85 (blue line) and 0.5 (magenta line). In
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Figure 3.1.12: Principal peak potential as a function of the kinetic constant k of the
odd harmonics for a = 0.5, ¢ = 1 and perturbation amplitude. aq values: 1.947 (black),
3.959 (red), 5.939 (blue), 7.919 (green), 9.898 (orange) and 11.878 (magenta).

Table 3.2: Values of 3, Eq. (3.1.32), for different values of ag

ap Ay (mV at 298 K) | S
1.947 50/n 0.93
3.804 100/n 1.48
5.842 150/n 2.20
7.789 200/n 3.04
9.736 250/n 3.88
11.683 300/n 4.47

semi-logarithmic plots, the slope being 2.303/a,

2.303
Eph = g +— log (k) (3.1.32)

where [ depends on the perturbation amplitude. Indicative values of § for different
values of aq are presented in Table 3.2.

The regions reversibility, quasi reversibility with no peak displacement and irre-
versibility for different amplitudes can be found in Table 3.3.

The irreversible case does not admit an analytic solution, but the problem is rather
simplified. Thus, for slow kinetics (small values of k,.), where the anodic and the

Table 3.3: Kinetic regions for immobilized species

o Reversible Quasi reversible with no Peak Displacement Irreversible
3.959 k>100 100<k<2 k<-0.7
5.939 k>100 100<k<2 k<-1
7.919 k>100 100<k<2 k<-1.25
9.898 k>100 100<k<1 k<-1.7
11.878 | £>100 100<k<1 k<-2
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cathodic reaction are fully separated, Eq.(3.1.27) is written,

uer(r) =~k O (14 [ vs(s)

The above equation can be written as an initial value problem,

d ac —a&(t
QZT’F = —(ag'(r) + ke™ ™) e p (3.1.33)
with initial condition, 1, r(0) = —ke™%I. Here, it has been assumed that the potential

scan is cathodic.

The effect of the perturbation amplitude ay on the height of the principal peaks of
the harmonics is presented in Fig. 3.1.13(a). The trend is similar to the one observed in
the case of the effect of ag on the height of the principal peaks of the harmonics for the
reversible case. The difference here is that as the order of the harmonic increases, the
increase of the height of the principal peak is less and less prominent and for harmonics
above the third one, the dependencies fail to reach a saturation point for the amplitudes
examined, that is, up to 514/n mV at 298 K.

The potential of the principal peak as a function of ag is presented in Fig. 3.1.13(b).
For large amplitude values, the peak value for all the harmonics reach a common value,
while for low amplitudes, the peak positions varies.

In Fig. 3.1.13(c) The half maximal width of the irreversible harmonics against the
dimensionless perturbation amplitude is visualized. As one can only see one line in
the diagram, it can be deducted that this quantity seems to be independent of the
harmonic. For very large values of ag obeys the relation,

2.46
Agp,h - T (3134)

similarly to the case of cyclic voltammetry.

The results presented in this section can be utilized for the determination of £°, a
and £°. Up to this point, we have worked with the dimensionless forms of the corre-
sponding quantities. Now for a more practical approach, as a guide for one to extract
the kinetic parameters from experimental data, we shall implement the respective di-
mensional versions of these quantities. Still all the results presented remain results of
simulations.

Let us consider the case where the real surface area of the electrode A, and the initial
surface concentration of reacting species I'’ are unknown. Let us consider a number of
exchanged electrons n = 1.

Regarding the experiment that needs to be conducted, a series of large amplitude
ac-voltammograms are recorded for a given perturbation amplitude Ag and different fre-
quencies f. The voltammograms are analyzed and a series of harmonics [, is obtained.
Let us suppose that the third harmonic h = 3 is free of capacitance contributions. A
plot of I3/f as a function of tf or electrode potential £ would be as the one presented
in Fig. 3.1.14(a) where Ap = 150 mV. It is observed that for high frequencies the re-
action is irreversible, for intermediate frequencies the reaction is quasi-reversible and
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Figure 3.1.13: Irreversible reaction. (a)Dimensionless peak height 1, ,, (b) Dimenionles
peak potential potential &, and (c¢) dimensinless half maximal width of the principal
peak of the harmonics A, 5 as a function of the perturbation amplitude ay. Parameter
values: @ = 0.5, 0 = 1 and u = 0. 1Ist (black), 2nd (red), 3rd (blue), 4th (green), 5th
(magenta) and 6th harmonic (orange).
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Figure 3.1.14: Methodology for determining thermodynamic and kinetic parameters.
(a) Third harmonics for different frequencies f, for the determination of E° and I, ey,
(b) shift of the potential of the principal peak for the determination of @ and (c) depen-
dence of the normalized principal peak height for the specific a for the determination
of k. Perturbation amplitude Ay = 150 mV.
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for low frequencies the reaction tends to complete reversibility. In the specific example
presented in this figure, harmonics for f > 10 Hz are irreversible, for 0.1 < f < 10 Hz
are quasi-reversible and for f < 0.01 Hz tend to reversibility.

By taking a close look at Fig. 3.1.14(a) and (b) it can be seen that for values of
the kinetic constant reaching the reversibility (i.e. for f < 0.01 Hz), the principal peak
potential value corresponds to the standard (or formal) electrode potential. Thus, one
can rather easily determine the standard potential of an immobilized species, as even in
the quasi reversible region, the peak value is not shifted. In the case of the classical cyclic
voltammetry, as the system enters the quasi reversibility region, the peaks start shifting
away from the formal potential. In the case of the example presented in Fig. 3.1.14 E°
can be estimated at a value of 0.1 V.

Since the formal potential was determined, the methodology to extract the standard
rate constant and the transfer coefficient shall be introduced. As a first step, from the
limiting value of the height of the principal peak when the system reaches reversibility,
the quantity I,,ev/f = 2.44 mC is determined (black curve, corresponding to f =
0.001 Hz).

As a second step, the shift of the potential of the principal peak is plotted as a
function of the logarithm of the inverse frequency. The corresponding plot is presented
in Fig. 3.1.14(b). It is observed that the plot is linear for high frequencies, since in this
frequency range the reaction is irreversible. By linear regression in this region, a slope
of 0.1285 is found corresponding to a transfer coefficient a = g_ll(;g%% = 0.46 at 298 K,
based on the dimensional form of Eq. 3.1.32.

As a third step, a quasi-reversible harmonic is chosen and the ratio I, 3/, ey 18
calculated. For this specific example, the harmonic corresponding to f = 0.1 Hz is
used, where I, 3/ ey = 0.442 (green curve in Fig. 3.1.14(a)). This value is used for the
determination of k°, from the graph presented in Fig. 3.1.14(c), which is a normalized
version of Fig. 3.1.9 for a = 0.46. In this working example k° is determined to be
0.1 s7t. The case of a quasi reversible harmonic was chosen, because, as it can be
seen in Fig. 3.1.14(c), the region of great amplification in this plot corresponds to the
quasi-reversible region. If one worked in either reversible or the irreversible region, the
differences would be smaller, thus the error in the estimation would increase.

It should also be noted, that the curve in Fig. 3.1.14(c) was plotted for a given
transfer coefficient value of 0.46. This methodology requires for somebody to calculate
the curve for the extracted transfer coefficient. Otherwise if a curve for a transfer
coefficient value of 0.5 was used (Fig. 3.1.14), the k° would be determined to be 0.08 s~*
instead of 0.1 s™!, which could be considered a good approximation when it comes to
a real experimental system.

The proposed procedure has been demonstrated for the 3rd harmonic. In order to
ascertain the validity of the model assumptions, exactly the same methodology can be
performed for other harmonics, in order to validate that the extracted values of £° and a
coincide for all harmonics, taking into account that they are deprived of the capacitance
contribution.

Additional validation can be achieved by chosing different frequencies in the quasi-
reversible region to calculate the ratio I/l and by using this value in a plot
corresponding to that of Fig. 3.1.14(c). Apparently, the choice of f must be such as
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the value of I, /1, ev falls in the steep part of this sigmoid curve. Hence, if the model
assumptions a met, the estimated values should coincide for any chosen frequency in
the quasi-reversible region.

An alternative for the determination of the kinetic parameters, when E° is known,
is based solely in the curve of Fig. 3.1.14(b). The intercept of the linear part of this
curve, is -0.0123. Using Eq. (3.1.32),

0 ankF 15}
os(k) = 5303 rr 00128 ~ 5353
where a has been determined from the slope and 5 = 2.2 for Ay = 150 mV, see Table 3.2.
The derived value is £° = 0.1 s7!, as expected.

The proposed methodology can be applied, in principle, for the determination of any
value of the kinetic constant. Nevertheless, several issues emerge when & is relatively
small. For the specific example presented above, the determination of I, e, requires an
application of a small frequency signal. As a result, the duration of the experiment is
large, since the scan rate must be small. Moreover, the height of the recorded harmonics
will be small (notice that the harmonics in Fig. 3.1.15(a) are divided by the perturbation
frequency).

Therefore, if k° is relatively is small, the following methodology is proposed. As
before, a series of ac-voltammograms is recorded for different frequency values and a
given perturbation amplitude Ay. An example is presented in Fig. 3.1.15(a) where the
3rd harmonics are shown for different frequencies and Aqg = 150 mV. The harmonic
for f = 0.1 Hz is quasi-reversible (orange curve) whereas the rest of the harmonics are
irreversible. As can be seen, when irreversibility is reached the electrochemical response
reaches again a limiting value which can be exploited. From these curves, the height of
the irreversible peak is found to be I3,/ f = 0.56 mC.

As a second step, a plot similar to that of Fig. 3.1.14(b) will give a = 0.46. Finally,
the quasi-reversible harmonic for f = 0.1 Hz is chosen and the ratio I, /I, 3 is found to
be equal to 0.39. This value is used for the determination of £°, from the graph presented
in Fig. 3.1.15(b), which is actually another representation of the corresponding graph
in Fig. 3.1.14(c) for a = 0.46. Therefore, in this case, the kinetic constant is found to
be kY = 0.01 s7!. Again, at this point, depending on the transfer coefficient estimated,
the respective theoretical curve shall be calculated.

In this case as well, the validity of the model can be ascertained by repeating the
methodology for different harmonics, comparing the extracted values. Moreover, a va-
lidity check can be based on the choice of different frequencies in the quasi-reversible
region in order to extract I, /I, and implementing this value on a curve correspond-
ing to that of Fig. 3.1.15(b).

In real experimental cases, the above analysis is valid only if the assumptions of the
model are closely met. More specifically, Butler-Volmer law shall apply, the immobilized
species must behave as a Langmuirian monolayer and a dispersion of the electrochemi-
cal transfer rates should not be dispersed. In the case where kinetic or thermodynamic
dispersion is present, more elaborate models shall be considered [3]. Indeed, in the
presence of kinetic or thermodynamic dispersion, the dependence of chief observables
such as peak height and half maximal peak on scan rate or frequency may be different,
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Figure 3.1.15: Methodology for determining kinetic parameters. (a) Third harmonics
for different frequencies f, for the determination of I,;,, and (b) dependence of the
normalized principal peak amplitude for the specific a for the determination of kY.
Perturbation amplitude Ag = 150 mV.
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both in dc and ac voltammetry. In these cases, deviations of the estimated kinetic con-
stant and formal electrode potential from their actual value are expected, as suggested
recently by comparing experimental findings with direct numerical simulations [1, 5].
The influence of kinetic and thermodynamic dispersion on dc and ac voltammograms
has been analyzed thoroughly [0], as well as the differences observed when Marcus-Hush
theory is applied instead of the Butler-Volmer law [7].

3.1.4 Transfer Coefficient

In this section, the transfer coefficient a is examined. The case of a reversible reaction
is not examined in this section, as the transfer coefficient has no role in any of the
harmonics and the chief observables remain unchanged, no matter its value since the
kinetics play no role in such systems.

The case of a quasi reversible reaction for different ransfer coefficients is presented
in Fig. 3.1.16, where a dimensionless kinetic constant of 10 is used. For each harmonic
only the oxidation peak is presented. In each panel in this Fig. 3.1.16, on the left side
transfer coefficients of 0.2, 0.35 and 0.5 are presented, while on the left on 0.5, 0.65
and 0.8. For the first harmonic, no drastic change appears to occur with the change of
the transfer coefficient. In the second harmonic, for a lower than 0.5 the first dominant
peak remains at the same levels, whereas the second decreases a bit. For a higher than
0.5, the inverse behavior is observed. For the third harmonic the transfer coefficient
has almost no impact on the dominant peak but also acts accordingly to the second
harmonic as when it comes to the two smaller peaks. Regarding the fourth harmonic,
as the a decreases, left dominant peak rises until the whole voltammogram becomes
a uniform peak whereas the for a higher than 0.5, the exact opposite happens. The
same logic goes for the 6th harmonic. Finally, when it comes to the fifth harmonic
the tendency described in the third one becomes more prominent, and for transfer
coefficients closer to 0 and 1 respectively, a uniform peak is observed.

3.1.5 Chemically Irreversible reaction

In this section we shall examine the case where the reaction is chemically irreversible,
thus the reduced form of the immobilized species cannot return back to its oxidized
state. At first, the case of cyclic voltammetry shall be examined. By rendering the oxi-
dation term of Eq 3.1.18 equal to zero, the current expression becomes as in Eq. 3.1.35.

(1—a)F

i = FDkO%l mr (E-E)I(1-0) (3.1.35)

By solving Eq. 3.1.35 and rendering the current and the potential dimensionless with
the use of the dimensionless quantities introduced in the cyclic voltammetry analysis,
the resulting voltammograms are the ones that appear in Fig. 3.1.17. The peak shifts as
a function of the kinetic constant, but remains unchanged in magnitude. The absolute
value of the peak of the dimensionless current is 0.184, the same as in the case of an
irreversible reaction.

When it comes to FTacV, the dimensionless expression of the current presented
in Eq. (3.1.22) is rewritten as in Eq. (3.1.36), where the oxidation term is yet again
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Figure 3.1.17: One step chemically irreversible reaction: Dimensionless cyclic voltam-
mograms of immobilized species for o= 0.4868, £°= 0 and k., = 10 (black), 1 (red), 0
(blue), 0.1 (green), 0.01 (orange), 0.001 (magenta) and 0.0001 (cyan).

ommited,

@D = _kace—CL&H (3136)

By simulating of an FTacV experiment based on Eq. (3.1.36) and performing the neces-
sary analysis, in Fig. 3.1.18 the effect of the kinetics on the 5th harmonic for a chemically
irreversible reaction is presented at an amplitude of 3.959. Only one peak is visible in
this case in the forward scan while, nothing is visible in the reverse scan. Moreover,
as the kinetics get slower, the peak is displaced towards more cathodic potentials. The
same trend is observed for all the other harmonics as well (results not shown). The
trend of the peak shift is shown in Fig. 3.1.20(a). A linear trend of the peak potential
against the logarithm of the kinetic constant is observed. One notable aspect of this
case is that the shift of all the harmonics has the exact same trend.
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Figure 3.1.18: 5th Harmonic of chemically irreversible immobilized species for ay =
3.959, 0 = 0.4868, a= 0.5, £ = 0 and k,. = 1000 (black), 100 (red), 10 (blue), 1 (green),
0.1 (magenta), 0.01 (orange), 0.001 (violet), 1 x 107* (cyan), 1 x 107° (indigo), 1 x
1075 (maroon) and 1 x 1077 (grey).

In Fig. 3.1.19, the 5th harmonic of a chemically irreversible reaction at a k,. value
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Figure 3.1.19: 5th Harmonic of chemically irreversible immobilized species for o =
0.4868, a = 0.5, £ = 0, ko = 0.1 and ag = 3.959 (black), 5.839 (red), 7.785 (blue),
9.731 (green) and 11.677 (magenta).

of 0.1, at different amplitude values. As the amplitude increases, it is evident that
the magnitude of the harmonic increases and the peak potential shifts towards more
anodic values. The shift of the peak against the logarithm of the kinetic constant for
different amplitudes is presented in Fig. 3.1.18(b). It is reminded that the peak shift is
independent of the order of the harmonic.

3.2 Two Step Reaction

3.2.1 Two Reversible Reactions

In the case of a two step reaction, the scenario changes slightly, with the reactions being
described in Egs. (3.2.1) and (3.2.2), where in the first step A is reduced to B and then B
is reduced to C. The dimensionless kinetic constants corresponding to the two steps are
ky and ky while the dimensionless formal potentials &Y and 53, respectively. The surface
coverages in this case are defined as 0, = F—A and 0, = Tft, and 'y is equal to the
sum 'y +I'g +'¢. The surface coverage of B'is defined as 1 — 01-05. Definitions for the
dimensionless current and dimensionless scan rate remain the same. The dimensionless
current expressions for each step are expressed as in Eqgs. (3.2.3) and (3.2.4). The total

dimensionless current 1, is the sum of v; and 5. Therefore,

Ky

Ate B (3.2.1)

k>

B+e C (3.2.2)

and,

Uy = k(e afl(1—91—92)—e —)g,)
@Zlg = k‘z(@ (1-a E292 — 6 a&)(l — (91 — 92))
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Figure 3.2.1: Two step reaction: Dimensionless cyclic voltammograms of immobilized
species for 0=0.4868, k1=ky=100, &) = 15 and &9 = -15 (black line), &Y = 5 and &) =
-5 (red line), &2 = 0.5 and &Y = -0.5 (blue line), &) = £J = 0 (green line).
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Figure 3.2.2: Two step reaction: Dimensionless cyclic voltammograms of immobilized
species for 0=0.4868, k1=ko=100, £? = -15 and &) = 15.

Again, first the scenario will be examined for cyclic voltammetry and then for
FTacV. In Fig. 3.2.1 the dimensionless cyclic voltammograms are presented for a two
step reaction, with both steps reversible and the standard potential of the second being
more negative than the standard potential of the first. When the two formal potentials
are well separated it seems like having two cyclic voltammograms with the characteris-
tics discussed before. As the two standard potential get closer, the two voltammograms
start to intertwine forming one voltammogram, the peak height of which is more than
two times the peak of the seperate voltammograms, in the case the two steps have the
same standard potential. The case in which the standard potential of the second step
is more positive than one of the first one is depicted in Fig. 3.2.2. In this case the
peaks are not symmetrical regarding the potential, but the cathodic and the anodic
peaks have the same absolute value at 0.235, which is different than the value of the
irreversible one step reaction.

In Fig. 3.2.3 the 5th harmonic for different scenarios is presented in case both steps
have very fast kinetics. Only the 5th harmonic is presented as all the other harmonics
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have a similar trend. In Fig. 3.2.3(a) we have the case of two well separated steps with
the the £° of the second step being more cathodic than the one of the first (£ = 15 and
&) = —15) at different amplitudes. The maxima of each peak correspond to that of a
single step fast reversible reaction and as the amplitude increases the harmonics widen.
In such a case, no problem arises in the analysis of the peaks, as the same things that
are valid for a one step fast reversible electrochemical reaction, are valid for each step
separately. This is as long as the harmonics of the steps are well separated and do not
interfere. So, experimentally, when one faces a two step reaction with separated peaks,
he shall pay attention to the amplitude used, so that the harmonics do not widen to
the extend that they start to interfere with each other.

In Fig. 3.2.3(b) we have the case where we go from two well separated steps (black
and red line) to the case where the two steps tend to appear as one (blue line) and finally
in the case where the two peaks have the same dimensionless formal potentials. In the
latter case, schematically the harmonic resembles that of a single step reaction, but the
peak dimensionless current of the harmonic is about 3.7 times higher than that of the
single step reaction (2.23 vs 0.609 respectively). This difference could act as a diagnostic
for the electron transfer mechanism, as if one harmonic appears a single electron transfer
but the peak dimensionless current is higher than the expected, probably the reaction
is a two-step one.

The last case examined when we have two steps and both are fast and reversible
is presented in Fig. 3.2.3(c) for different amplitudes. Here, the dimensionless potential
of the second step is more anodic than that of the first step (£) = —15 and &) = 15).
Schematically, what is presented does not resemble the conventional 5th harmonic of
an immobilized species, as the ones presented up to now, as for higher amplitudes only
one peak is presented, while for the lowest amplitude (3.892) a rather unconventional
pattern arises. In this case, the peaks cannot be separated and the only feature that can
be extracted is that the dominant peak corresponds to the average of the dimensionless
formal potentials, but this is still not a safe assumption.

3.2.2 One Reversible and One Irreversible Reaction

In this section a slightly different scenario shall be examined than the one in the previous
section. The difference is that the second step is irreversible, thus C cannot be oxidized
back to B. The only equation that changes is Eq. (3.2.4) which is transformed to
Eq. (3.2.5). 1st through th harmonic of the forward scan of such a case is presented in
Fig. 3.2.5.

Wy = /{716(7&52)(1 — 0, — 0) (3.2.5)

The reverse scan is not shown as the second step is chemically irreversible and C
cannot be oxidized back to B, leading to zero current densities. The fixed parameters
in this example are o = 0.4868, oy = 3.892, & = 0, &9 = 5, k,100 while k; varies from
10 down to 0.0001. For high ks values one peak of low magnitude appears for all the
harmonics. As ks value increases, this peak shifts towards more cathodic potentials,
increasing in magnitude, and starting to resemble a reversible kinetics situation. This
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Figure 3.2.3: Different cases of a two step reaction with both steps being electrochem-
ically reverisble (k;=ko=100): (a) Well seperated steps with £ = 15 and £J = —15 for
different o valuees. o = 0.4868, oy = 3.892 (black), 5.839 (red), 7.785 (blue), 9.731
(green) and 11.677 (magenta) (b) Decreasing seperation of the steps at ay = 3.892
and different pairs of €Y values. o = 0.4868, £ = 5 and &) = —5 (red), &) = 0.5 and
€9 = —0.5 (blue) and &Y = &) = 0 (green) (c) Well seperated steps but with inverse
€% values at different amplitudes. o = 0.4868, &Y = —15 and &) = 15 at oy = 3.892
(black), 5.839 (red), 7.785 (blue).
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Figure 3.2.4: Two step reaction, with the second being chemically irreversible: Dimen-
sionless cyclic voltammograms of immobilized species for o = 0.4868, &) = 0, &) = 5,
k1 = 100 and ko = 100 (black), 10 (red), 1 (blue), 0.1 (green), 0.01 (magenta), 0.001
(orange ), 1 x 107* (violet), 1 x 107 (cyan) and 1 x 1075 (brown).

is due to the fact that the chemically irreversible reaction shifts towards more cathodic
peaks when its kinetics get slower, just like in Section 3.1.5, revealing the first fast and
reversible step. when the two steps get separated, the second step is almost invisible
due to the fact that the magnitude of an irreversible reaction in FTacV is order of
magnitudes smaller than the one of a reversible one. Experimentally, such a separation
can be achieved by increasing the frequency of the experiment, so that the effective
kinetic constant ko (equal to k9)/f) gets lowered to a relatively small value and shift
the peak of this step more cathodically. Technically, if one would increase the frequency
from 1 to 100 Hz, the ko value would be lowered 2 orders of magnitude.

By looking at the harmonics, while the two harmonics are still intertwined, a mix up
can occur while interpreting the results. Focusing at the green line of the 5th harmonic
(ke = 0.01) 4 peaks are visible with the two dominant having about the same magnitude,
which could lead one to think that it corresponds to the 4th harmonic instead of the
fifth one.

3.3 Michaelis-Menten mechanism

3.3.1 Kinetic analysis

A kinetic analysis shall be made regarding a kinetic scenario according to which an
electroactive enzyme, immobilized on an electrode surface, reacts with a substrate being
free in the solution. This is necessary due to the fact that no such analysis has been
presented in the literature under FTacV conditions. The reactions included in the
scenario are depicted in Fig. 3.3.1. According to this reaction scheme, an electroactive
enzyme (E; oxidized form, Ey reduced form) is immobilized in a layer on the surface
of an inert electrode. The substrate S is free in the solution and reacts according to a
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Michaelis-Menten mechanism,

Ky
E, +S F,S (3.3.1)
k1
ks
EyS—>E, + P (3.3.2)
ko
EQ B El +e (333)

where k° is the standard rate constant of the electrochemical redox reaction on the
electrode surface, ki, k_; and ko the reaction rate constants of the respective chemical
steps. More specifically, the oxidized form of the enzyme E; reacts with the substrate S,
producing the product P and the reduced form of the enzyme E,. From this particular
reduced form, the enzyme is oxidized electrochemically by the application of a sufficient
anodic potential, producing again the oxidized form E; which can again react with the
substrate S.

Assuming practically constant concentration of the substrate cg, the kinetic equa-
tions are written as follows,

T,

dEt 5 =Ty — T (334)
dlg,

élzrm—m (3.3.5)

where 'y, s and I'y, are the surface concentrations of the corresponding species and ¢
corresponds to time.

Immobilized Enzyme

Solution
layer
N
P
Y ©
~t
E,S 8
S (., € O
E, (D

Figure 3.3.1: Reaction scheme of an immobilized electroactive enzyme. The oxidized
form of the enzyme, E;, reacts with the substrate that is free in the solution, S, giving
the enzyme’s reduced form, E5 which can be then oxidized again.
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The reaction rates r; in Eqgs. (3.3.4) and (3.3.5) are given by,

ri =k (T° —Tg,s — g, )es — k_1Tg, s (3.3.6)
r2 = kol'g;s (3.3.7)
ry = KODpye 7 P~ (10 _ Ty ¢ — Ty, )e i (F2)] (3.3.8)

In the rate expressions above, I'y, = I'’ — I'g,s — I'g, is the surface concentration of the
oxidized form of the enzyme, I'° the initial surface concentration of the enzyme, E the
electrode potential and E° the formal electrode potential of the electrochemical step.
The rest of the symbols have their usual meaning.

In the case of an FTacV experiment, the electrode potential £ is also time de-
pendent. In the presence of double layer specific capacitance Cy and uncompensated
resistance Rs between the working and reference electrode, E will be given by the
charge balance equation (i.e. the total current is the algebraic sum of the Faradaic and
capacitance current),

dE V —FE
AC— =
Ca dt R.

where A is the surface area of the electrode and V' is the applied potential. In Eq. (3.3.9),
the left hand term corresponds to the capacitance current whereas the first right hand
term is the total current and the second hand term is the Faradaic current. For a
FTacV experiment, the applied potential V' is given by,

— AFry (3.3.9)

V(t) = Vi + vtg — v|t — tg| + Ao sin(27 ft) (3.3.10)

corresponding to a sinusoidal signal, superimposed to a triangular wave. In this equa-
tion, V] is the initial potential, v the scan rate, tg = |V; — Vg|/v the reversal time for
VR reversal potential and Ay, f the perturbation amplitude and frequency, respectively.
The current, recorded during the experiment is the total current,

V(E) - Et)

1) = =%

(3.3.11)

In the absence of uncompensated resistance Rg, the electrode potential is given by
Eq. (3.3.10), by setting V' (t) = E(t), V1 = E; and Vg = ER and the recorded current is
the algebraic sum of the Faradaic and capacitance current,

t—tg
|t —tr]

[ = AFrs + ACq [U 42 f Ay cos(2r f) (3.3.12)

where the capacitance current has been obtained by differentiating Eq. (3.3.10).

Equations (3.3.4), (3.3.5) and (3.3.9), describe a typical cyclic voltammetry exper-
iment for Ay = 0, as in the absence of a perturbation on the potential, the classical
dc voltammogram is obtained. In the case of Ag = 0 and v = 0 the applied potential
is constant, thus leading to the simulation of a chronoamperometric experiment. Both
equations stand for constant cg. During a FTacV experiment, the effect of capacitance
current will be eliminated for harmonic components higher than one, provided that the
capacitance is independent of the electrode potential.
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3.3.2 Dimensional analysis

As can be seen from Eqs. (3.3.4)-(3.3.8) and (3.3.10), the kinetics of the reaction depend
on four kinetic constants, the formal potential of the electrochemical step and the
transfer coefficient as well as three adjustable parameters, namely, the initial enzyme
concentration, the substrate concentration, the scan rate, the perturbation amplitude
and frequency. The number of parameters to be considered for the the analysis of the
kinetics can be reduced by performing a dimensional analysis. In order to do so, the
following transformations are introduced,

T=1f (dimensionless time)

F
u= ﬁv (dimensionless applied potential)

F
= ﬁ(E — E%) (dimensionless electrode potential)
0,5 = I'g,s/T° (surface coverage of the intermediate)
0g, = I'g,/T° (surface coverage of the reduced form of the enzyme)
¢s = cs/ Ky (dimensionless substrate concentration)
Y= fFZO 7 (dimensionless current density)
T = f:io (dimensionless rate)

where Ky = (k_1 + k2)/k1 is the Michaelis constant.

By introducing the dimensionless quantities in Egs. (3.3.6)-(3.3.8) and replacing in
Egs. (3.3.4) and (3.3.5) we get the following set of equations for the temporal evolution
of the reaction intermediate and the coverage of the reduced form of the enzyme,

v AOg, s

Tac dT = és(l — Og, — 9E1S) — Or,s (3.3.13)
dOg, Y .
B — okt - 7ok B, — (1~ B, — )] (3310

Moreover, by introducing the dimensionless quantities in the charge balance equation,
Eq. (3.3.9), the following equation governs the temporal evolution of the dimensionless
potential,

% _ A9 (4 — €) — Brack’ [0, % — (1 = Og, — Op,s)e ] (3.3.15)

dr N TRC

where 8 = T°F?/RTCy. Three different time constants appear in Eqgs. (3.3.13)-(3.3.15).
The time constant Taoc = 1/f is determined by the frequency of the FTacV experiment.
The time constant Trc = ACq Ry is determined by the experimental setup (surface area
and solution conductivity). Finally, the time constant myyy = 1/(k_1 + ko) = 1/(k1 Ku)

is determined by the rate constants of the chemical steps of the reaction.

The variation of the dimensionless applied potential is written in the form of Eq. (3.3.16),

by introducing the dimensionless quantities in Eq. (3.3.10),

u=u+ TA—CTR — TA—C]T — TR| + g sin(277) (3.3.16)
Tov TCv
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where ag = AgF/RT is the dimensionless perturbation amplitude. A forth time con-
stant is introduced here, 7oy = RT/Fv, determined by the scan rate. The dimensionless
total current W = Mﬁ is obtained from Eq. (3.3.11),
\I’(T) _ TAC (U(T) - 5(7_))
TRC B
In the absence of uncompensated resistance, the electrode potential is given by
Eq. (3.3.16), by setting u(7) = &(7), u1 = & and ug = &g and the recorded current is
the algebraic sum of the Faradaic and capacitance current,

(3.3.17)

. lr7ac 7— 1
W) =4 [0 T

Blroy |7 — |

where 73 = 7acr3/T is the dimensionless Faradaic current.

As mentioned above, four different time constants are involved in Eqs. (3.3.14) -
(3.3.17). The time constant of the ac perturbation, 7ac = 1/f, the time constant of
the catalytic reaction mynyy = 1/k1 Ky = 1/(k_1 + ko), the time constant of the linear
sweep oy = RT/Fv and the time constant of the RC circuit, 7rc = ACq Rs.

The time constant 7y can vary several orders of magnitude, whereas ¢ is about
1.2 x 107* s for a typical experiment involving an electrode with A ~ 0.1 cm?, Cy ~
40 x 1075 F/em? and Ry ~ 30 Q2. On the other hand, Txc and 7¢y are determined solely
by controllable variables, the former by the frequency of the perturbation and the later
by the scan rate. For typical values of scan rate, ranging from 0.1 to 1000 mV /s, 7cv
varies from about 250 to 0.025 s whereas 7o¢ varies from 0.01 to 10 s in typical FTacV
experiments. For reasons discussed thoroughly in the past the condition 7¢y > Tac
must be fulfilled when implementing the FTacV technique. Thus, the time constants
are arranged as follows,

+ 21a cos(27rr)] (3.3.18)

Tov 2> TAC 2> TRC

with myv lying anywhere in the above range.

Inspection of the dimensionless equations reveals also that the effective catalytic con-
stant is ke = Tacks, that is, its value can be tuned by the perturbation frequency.Large
values of Tac (small frequency values) increase the value of the effective catalytic rate
constant. The same is true for the effective heterogeneous constant kne; = Tack’, that
is, large values of Tac (small frequency values) render the electrochemical step more
reversible. On the other hand, small value of Ta¢ (large frequency values), decrease the
value of the effective catalytic rate constant and render the electrochemical step less
reversible.

Finally, it can be noticed that the dimensionless ratio of the catalytic time constant
to the time constant of the ac perturbation my/7ac is introduced in the equation
describing the temporal evolution of the reaction intermediate E;S, see Eq. (3.3.13).
It is evident that the steady state condition for the reaction intermediate tends to be
fulfilled when vy /7ac < 1, that is when mypy is small (large values of k_; + k) and
Tac is large (small frequency values).

Therefore, for small values of myp and large values of 75¢, the reaction mechanism
should proceed according to the steady state approximation. It is rather straight for-
ward to show that when 7 = 79 = r3 = 7, the dimensionless rate of the reaction will
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be,

~

Cs

3.3.19
1+ ¢s + € + égizele 1) ( )

7A’ = TAckZQ

The equation above is the analytic expression of the dimensionless ac - voltammogram
under steady state conditions, when the electrochemical step is quasi-reversible or irre-
versible and the capacitance current is ignored.

Furthermore, if the catalytic steps are in steady state, r; = r5 and the electrochem-
ical step is at equilibrium r3 = 0, i.e. the electrochemical reaction is reversible, then
the dimensionless rate of the reaction will be,

P = Tacky——>—— (3.3.20)

Exactly the same rate equation is obtained if a very large value of k° is considered in
Eq. (3.3.19), i.e. when the condition k° > ésky is fulfilled. Equation (3.3.20) is the
analytic expression of the ac - voltammogram, when the chemical steps are at steady
state conditions, the electrochemical step is Nernstian and the capacitance current is
ignored.

Since the analytic expressions of the ac - voltammograms are known, the chief ob-
servables of FTacV can be calculated easily by performing the typical analysis. The fact
that Eqs. (3.3.19) and (3.3.20) are valid only when the capacitance current is ignored
is of no importance because the chief observables chosen in this work are the maxi-
mum of harmonics higher than one, v, and the shift of the corresponding potential
&= %(Elup — E°) as a function of the substrate concentration ¢g. Both observables
are independent of the capacitance current when the harmonic is higher than one.

As can be seen from Eq. (3.3.19), the dependence of the normalized ac - voltammo-
gram 7 /Tacks on substrate concentration ¢s depends only on the ratio ko /k°. Therefore,
the dependence of the chief observables will depend only on this ratio of the rate con-
stants. The dependence of the maximum of the 3rd harmonic, 15, /Tacks, for different
values of ko /k?, is presented in Fig. 3.3.2(a).

For ky/k® < 1, the electrochemical step is practically reversible within the range of
substrate concentrations presented and the dependence resembles a Michaelis-Menten
relation. For ky/ k° < 1, the normalized maximum V3.p/Tacks increases for small values
of ¢s and decreases for larger values. The reason for this response is as follows: for small
values of substrate concentration the factor ¢sks/k? in Eq. (3.3.19) remains small and
the electrochemical step is practically reversible. For higher substrate concentrations
this factor increases even when the ratio ko/k° is small, thus rendering the electro-
chemical step quasi-reversible. Since it is known that the maxima of quasi-reversible
harmonics are smaller than the maxima of the corresponding reversible, 13 ,/Tacks de-
creases for large values of ¢g. For large values of ky/k°, where the traces practically
overlap, a maximum is not observed within the chosen range of substrate concentrations
and the dependence resembles a Michaelis-Menten relation. In this case, the electro-
chemical step is irreversible and the maxima of the harmonics tend to a fixed value as
the substrate concentration increases.

The corresponding Lineweaver-Burk-like plots are presented in Fig. 3.3.2(b). It can
be observed that for both small and large value of ky/k°, the ordinate at zero abscissa
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Figure 3.3.2: Computational results under steady state conditions: (a) Maxima of
the normalized 3rd harmonic, 13,/Tacks, as a function of the dimensionless substrate
concentration, ¢s and (b) corresponding Lineweaver-Burk-like plots, for ratio of kinetic
constants ko /k® = 0.01 (black circles), 0.1 (red squares), 1 (blue diamonds), 10 (green
triangles up), 100 (orange triangles down). Parameter values ag = 3.895, 7cy = 2.567 s
and a = 0.5.

is —1, that is 1/¢ is equal —1/K) taking into account that ¢g corresponds to cg/Ky;.
It is interesting to realize that Ky is accessible whether the electrochemical step is fast
(nerstian) or slow (quasi-reversible), provided that the steady state approximation is
fulfilled.

Indicative 3rd harmonics are presented in Fig. 3.3.3(a), for different values of ky/k°
and ég = 1. For ky/k® > 1, the dominant anodic peak is shifted anodically and
its amplitude is relatively low (black and red curves), since they correspond to an
irreversible electrochemical step. For ky/k® < 1 the dominant anodic peak is shifted
cathodically and its amplitude is high (green curve), since it corresponds to a reversible
electrochemical step. The dependence of the shift of the dominant anodic peak, &*,
of the 3rd harmonic as a function of ¢g, for different values of ko/k®, is presented
by the symbols in Fig. 3.3.3(b). It can be observed that for values of ky/k" > 1,
the peak is shifted anodically, the effect being more profound as the ratio of the rate
constants is large, i.e. the heterogeneous rate constant is smaller than the catalytic
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Figure 3.3.3: Computational results under steady state conditions: (a) Normalized
third harmonics for ratio of kinetic constants ky/k° = 1000 (black), 100 (red), 1 (blue)
and 0.1 (green), and dimensionless substrate concentration ¢ég = 1 and (b) shift of
the anodic dominant peak £* of the 3rd harmonic as a function of the logarithm of the
dimensionless substrate concentration ég for ratio of kinetic constants ko /k° = 100 (red),
10 (blue), 0.1 (green) and 0.01 (orange). Parameter values oy = 3.895, 7oy = 2.567 s
and a = 0.5.
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rate constant. On the other hand, when ky/k° < 1, the peak is shifted cathodically
whereas the dependence on ¢g is not so profound. It is evident that a cathodic shift
of the dominant peak of the 3rd harmonic is a signature of the relation between the
catalytic and heterogeneous rate constant. The analysis of the peak shift displacement
is one of the most interesting features of such a system, since it can give an indication
of the ratio of ko/k? and could be proven useful in the interpretation of experimental
results.

The maximum of the dominant peak of the odd harmonics is observed at the half
wave potential of the ac-voltammogram. Thus, the dependence of &* on substrate
concentration can be calculated directly from Eq. (3.3.19), by setting 7(¢*) = fmax =

’ 2
Tacksls a5 can be seen by the continuous lines in Fig. 3.3.3(b).

2(1+¢

| NS gw, for the case of a reversible electrochemical step, the normalized rate 7/Tacks
depends only on ¢g, Eq. (3.3.20). Typical third harmonics for this case are presented in
Fig. 3.3.4(a). As can be seen in this figure, increase of ¢g results in an increase of the
principal peak of the harmonic, as well as a cathodic shift of the anodic peak potential.
Both effects are drastic for small values of substrate concentrations and saturate as ég is
increased. The effect of ¢g of the maximum of all harmonics up to the 5th is presented in
Fig. 3.3.4(b). It can be observed that a saturation is observed at high values of substrate
concentration. On the other hand, first order kinetics are revealed for small ¢g values.
These plots resemble Michaelis-Menten kinetics, as can be verified by the corresponding
Lineweaver-Burk-like plots, presented in Fig. 3.3.4(c). The dependence of the inverse
normalized rate versus the inverse substrate concentration is linear and the ordinate
value at zero abscissa is -1, that is —1/Ky;. The cathodic shift of the dominant anodic
peak, £*, of the odd harmonics is presented by the symbols in Fig. 3.3.4(d). A linear
dependence is observed between £* and the logarithm of (14 c¢g), which follows directly
from Eq. (3.3.20),

£ = —1In(1 + &) (3.3.21)

by setting 7#(£*) = fmax = ;‘?ffis, since the maximum of the dominant peak of the odd
harmonics is observed at the half wave potential of the ac-voltammogram. All the above
results are valid for the observed current, provided that the uncompensated resistance

tends to zero.

3.3.3 Numerical analysis
FTacV under steady state conditions for the reaction intermediate

The results presented in Sec. 3.3.2 are valid when the steady state approximation for
the reaction mechanism is fulfilled. In this section the kinetic equations, Eqs. (3.3.14)
and (3.3.13), will be investigated in order to elucidate the conditions under which this
approximation is valid. The analysis will be restricted to the 3rd harmonic and it will
be assumed that the uncompensated resistance tends to zero. The influence of the
uncompensated resistance will be presented at the end of this section.

Let us consider the case where myn = 0.001 s, £ = 1 s7! and ky = 100 s~ 1, i.e.
the electrochemical step is quasi-reversible due to the relatively low value of k°. The
only controllable parameters are 7oc and ag, provided that 7¢y > 7Tac, in order to
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assure the independence of the scan rate. The dependence of the maximum of the
3rd harmonic, 15, on the substrate concentration ¢g is presented in Fig. 3.3.5(a), for
different values of 7poc and oy = 3.895. It can be observed that a drastic increase
of 13, at small ¢g values is followed by a saturation at large ¢g values. Moreover,
the value 15, increases for increasing values of Tac (decreasing values of frequency).
The corresponding Lineweaver-Burk-like plots, together with the curves corresponding
to steady state conditions (dotted straight lines), are presented in Fig. 3.3.5(b). It
is evident that for large values of 7p¢, the steady state condition is achieved within
the whole range of ¢s and the abscissa at zero ordinate is -1, that is —1/Ky. As 7ac
decreases, the abscissa at zero ordinate deviates from -1.

The results presented in Figs. 3.3.5(a) and (b) correspond to the case of Tac = 0.001 s
and ko = 100 s, that is k_; = 900 s~!, where steady state conditions are fulfilled only
for large values of Taoc (small frequency values). Steady state conditions are achieved
within a wider range of frequencies if k_; < ko, as can be seen in the example presented
in Figs. 3.3.5(c) and (d), where ko = 900 s, mypy = 0.001 s and &Y = 1 s7'. Tt can
be observed once again that a drastic increase of 13, at small ¢g values is followed by
a saturation at large ¢g values. Moreover, the value 13, increases for increasing values
of Tac (decreasing values of frequency). From the corresponding Lineweaver-Burk-like
plots it is evident that for every 7ac value, the steady state condition is achieved within
a range of ¢g and the abscissa at zero ordinate is -1, that is 1/¢g is equal to —1/Ky;.

The value of 7po¢ determines also the dependence of the shift of the dominant an-
odic peak &£* on substrate concentration. As can be seen in the result presented in
Fig. 3.3.6(a) for k° = 1571 and ky = 100 s}, for relatively small values of Tac (relatively
large frequency) £* does not follow the trend predicted under the steady state treatment
(continuous curve). As Tac increases (the frequency decreases) the dependence of £* on
the logarithm of substrate concentration tends to the steady state prediction.

By comparing Figs. 3.3.5(b) and (d), it is realized that relatively large values of
Tac (small frequency values) are required in order to achieve steady state conditions
and access the Ky value when ky < k_;. For these values of 7o¢, the amplitude
of the harmonics, ip, = FT'%y,,/7Tac, is rather low, introducing a difficulty in the
analysis of real experimental data, specially for small values of substrate concentration.
This obstacle can be overcome by increasing the perturbation amplitude. An example
is presented in Fig. 3.3.6(b) for the most extreme case of Toc = 10 s. The curve
depicted by circles is obtained for ay = 3.895 whereas the curve depicted by squares
for ag = 11.685. It is evident that the perturbation amplitude can amplify the signal,
thus rendering the analysis more feasible, even for large values of 74¢ and small values
of substrate concentration.

FTacV for reversible electrochemical step

The case of a reversible electrochemical step under steady state conditions have been
treated in Sec. 3.3.2. Here, an analysis will be attempted for the case of a large het-
erogeneous rate constant k% = 10* s~!, fulfilling the condition of reversibility, catalytic
rate constant ky = 100 s7! and myy = 0.001 s, fulfilling the steady state approximation
for the reaction intermediate.
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The dependence of 5, on és is shown in Fig. 3.3.7(a) for three different values
of 7ac. The effect is more evident in the corresponding Lineweaver-Burk-like plots of
Fig. 3.3.7(b), where the curves corresponding to steady state conditions are presented
also (dotted lines). For 7o = 0.5 s, steady state is hardly achieved for relatively high
values of substrate concentration. As 7x¢ is increased, i.e. the perturbation frequency
decreases, steady state conditions are satisfied within a wide range of ¢g values and
K\ is, in principle accessible. In Fig. 3.3.7(c), the shift of the dominant anodic peak is
presented (discrete points) together with the theoretical prediction, Eq. (3.3.21). It is
to be observed that all cases tend to follow a linear relation between £* and In(1 + ¢g).

According to the discussion presented in Sec. 3.3.3, steady state conditions are
hard to achieve for small values of ky, even if k® is very large. Therefore, when the
electrochemical step is reversible and mypy is small, small values of the catalytic rate
constant introduce a difficulty in applying the method. In such a case, very small
frequency values have to be used, together with large amplitude values. On the other
hand, for relatively large values of the catalytic rate constant, the method can be
applied with relatively high frequencies and moderate amplitudes. In such a case, first
order kinetics are expected to be observed for small substrate concentrations and the
Michaelis constant can be accessed from large substrate concentrations via Lineweaver-
Burk-like plots.

FTacV under transient conditions for the reaction intermediate

When myy/7ac is large, the steady state condition cannot be fulfilled for the reaction
intermediate, E;S (see Eq. 3.3.13). Under this condition, the chemical step cannot
follow the potential perturbation and each step of the mechanism, both chemical and
electrochemical, occur with a different rate.

Two typical examples are presented in Fig. 3.3.8(a) for myy = 1's, 7ac = 1 s,
ko = 0.5 s7! and k° = 1 s (black circles) and 0.05 s7! (red squares). It is observed
that when ky/kY < 1, the maximum of the 3rd harmonic decreases for increasing values
of ¢g, a clear evidence that this case does not follow steady state conditions (see also
the corresponding Lineweaver-Burk-like plot of Fig. 3.3.8(b)). A more confusing case
is when ko/k? > 1, where the maximum of the 3rd harmonic increases for increasing
values of ¢g and finally reaches a limiting value. Both this plot and the corresponding
Lineweaver-Burk-like plot of Fig. 3.3.8(b) resemble the case of steady state kinetics, even
though this is not the case. In principle, these plots cannot be used for the determination
of kinetic parameters based on the equations derived from the corresponding analysis.
Nevertheless, the dependence of 3, on ¢g for small substrate concentrations tends to
be linear and, in principle, could be used as an analytical tool for the detection of the
substrate.

Effect of uncompensated ohmic resistance

The effect of uncompensated ohmic resistance, i.e. the potential drop between the
working and reference electrode, can be studied by varying the time constant 7grc,
while keeping the parameter 3 constant. For an electrode area of 0.1 cm? and specific
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capacitance 40 x 1075 F/cm?, typical values of Trc for well designed experiments are
expected to be around 1.2 x 107* s (resistance 30 €2). For low solution conductivity,
Tre can be about 8 x 107 s (resistance 200 Q).

Typical examples of the effect of uncompensated ohmic resistance under steady state
conditions for mypr = 0.001 s, ky = 900 s7%, k° = 1 s7! and 7aoc = 1 s, are presented
in Fig. 3.3.9. In this figure, black circles represent the ideal case of complete absence
of uncompensated resistance. As can be seen in Fig. 3.3.9(a), when the resistance is
relatively high, 7rc = 8 x 107 s (green triangles), the dependence of 13, on substrate
concentration deviates from the ideal situation. For 7pse = 4 x 107* s the effect of
uncompensated resistance is less profound (blue squares) whereas for Trc = 1.2 x 107 s
(red asterisks), corresponding to the case of a well designed experiment, the curves
practically overlap. The effect of uncompensated ohmic resistance on the corresponding
Lineweaver-Burk-like curves can be observed in Fig. 3.3.9(b).

It can be concluded that high values of solution resistance have a drastic effect on
the amplitude of the harmonics, but this effect can be diminished in a well designed ex-
periment where the solution conductivity is sufficiently high and the reference electrode
is placed near the surface of the working electrode.
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Figure 3.3.4: Computational results under steady state conditions with reversible
electrochemical step: (a)Normalized third harmonics for dimensionless concentration
¢s = 0.1 (black), 1 (red), 5 (blue), 25 (green) and 100 (orange), (b) Normalized maxi-
mum vy, ,/Tacks of the 2nd (black circles), 3rd (red squares), 4th (blue diamonds) and
5th (green triangles) harmonics, (c) corresponding Lineweaver-Burk-like plots and (d)
shift of the anodic dominant peak £* of the 3rd (black circles) and 5th (red asterisks)
harmonics as a function of the logarithm of 1 + ¢5. Parameter values ay = 3.895,
TCV — 2.567 s
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Figure 3.3.5: Computational results under steady state conditions for the reaction
intermediate: (a) Dependence of the maximum of the 3rd harmonic 5, on the substrate
concentration ¢g for kinetic constant ky = 100 s™' and (b) corresponding Lineweaver-
Burk-like plots, for different time constant 7a¢ values. (c¢) Dependence of the maximum
of the 3rd harmonic 13, on the substrate concentration c¢g for kinetic constant ky =
900 s~ and (d) corresponding Lineweaver-Burk-like plots, for different values of time
constant 7ac. Values of 7ac = 0.2 s (black circles), 0.5 s (red squares), 1 s (blue
diamonds), 2 s (green triangles up), 5 s (orange triangles down), 10 s (purple asterisks).
Parameter values, k* =1 s™, myp = 0.001 s and a = 0.5.
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Figure 3.3.6: Computational results under steady state conditions for the reaction
intermediate: (a) Effect of time constant Toc on the shift of the anodic dominant peak
&, Tac = 0.2 s (black circles), 0.5 s (red squares), 1 s (blue diamonds), 2 s (green
triangles up), 5 s (orange triangles down), 10 s (purple asterisks). (b) Effect of the
dimensionless perturbation amplitude ag on the maxima of the 3rd harmonic for time
constant Tac = 10 s, ap = 3.895 (black circles) and 11.685 (red squares). Parameter
values, kK =1 s71, ky = 100 s, v = 0.001 s and a = 0.5.
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Figure 3.3.7: Computational results for reversible electrochemical step: (a) Dependence
of the dominant anodic peak of the 3rd harmonic 93, on dimensionless concentration
of the substrate ¢g, (b) corresponding Lineweaver-Burk-like plots and (c) shift of the
anodic dominant peak £*, for time constant 7oc = 0.5 s (black circles), 1 s (red squares)
and 2 s (blue diamonds). Parameter values, k0 =10 s71, ky = 100 s7%, 7y = 0.001 s,
g = 3.895 and a = 0.5.
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Figure 3.3.8: Computational results under transient conditions for time constant mypy =
1 s, Tac = 1 s and kinetic constant ky = 0.5 s™'. (a) Dependence of the maximum of
the 3rd harmonic 13, on substrate concentration ¢s and (b) corresponding Lineweaver-
Burk-like plots, for kinetic constant £ = 1 s7! (black circles) and 0.05 s™! (red squares).
Parameter values: 7cy = 2.567 s, ag = 3.895 and a = 0.5.
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Figure 3.3.9: Computational results in the presence of uncompensated ohmic resis-
tance for kinetic constants k; = 900 s™', k° = 1 s7! on the (a) dependence of the
maximum of the 3rd harmonic ¢, on substrate concentration é¢g and (b) correspond-
ing Lineweaver-Burk-like curves, in the absence of solution resistance (black circles)
and for time constant Trc = 1.2 x 107 s (red asterisks), 4 x 10~* s (blue squares) and
8 x 107* s (green triangles). Parameter values, v = 0.001 s, 7ac = 18, 7oy = 2.567 s,
ag = 3.895 and a = 0.5.



Chapter 3. Voltammetry of Immobilized Species 143

3.4 EC Mechanism for immobilized species

Let us assume a chemical species E; (oxidized form) which is immobilized in a monolayer
on an electrode surface and can be reduced to Es (reduced form) by receiving one
electron from the electrode. Then the reduced form Es can react with a chemical
species S, that is diffused to the electrode surface, forming a surface bound species EsS,

kO
E,+e E, (3.4.1)
ky

where kY is the standard rate constant of the electrochemical redox reaction on the
electrode surface, k; the reaction kinetic constant of the second step (Fig. 3.3.1).

Immobilized Enzyme

Solution
layer

E,

E.S

y

Figure 3.4.1: EC mechanism for immobilized species reaction scheme. The oxidized
form of the immobilized species F; is reduced to F5 and then reacts with the free in
the solution species S to form the species E5S.

9p04309|3

Assuming practically constant concentration of the free in the solution substrate cg,
the kinetic equations are written as follows,

dr

thl = (3.4.3)
dr

dl?s =y (3.4.4)

where I'y, and I'g,s are the surface concentrations of the corresponding species and ¢
corresponds to time.
The reaction rates r; in Eqgs. (3.4.3) and (3.4.4) are given by,

r = E[(T° = Tg, — FEgS)@(l’}?F(E_EO) — D, e~ fr=E) (3.4.5)
T2 = k1l'g, ¢ (3.4.6)
(3.4.7)
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In the rate expressions above, I'g, = '’ — 'y, — I'g,s is the surface concentration of the
reduced form of the enzyme, I'° the initial surface concentration of the enzyme, E the
electrode potential and E° the formal electrode potential of the electrochemical step.
The rest of the symbols have their usual meaning.

As can be seen from Egs. (3.4.3)-(3.4.6), the kinetics of the reaction depend on
one kinetic constant, the formal potential of the electrochemical step and the transfer
coefficient as well as five adjustable parameters, namely, the initial immobilized species
concentration and the substrate concentration. The scenario shall be examined with
both cyclic voltammetry and FTacV. In the case of cyclic voltammetry there is one more
parameter, that of scan rate, while if FTacV other than the scan rate, the perturbation
frequency and amplitude also have a role in the system.

The number of parameters to be considered for the analysis of the kinetics can
be reduced by performing a dimensional analysis. Some parameters have the same
dimensionless form in both cyclic voltammetry and FTacV. In order to do so, the
following transformations are introduced?,

Fo

T = tﬁ (dimensionless time for cycle voltammetry)
T=1f (dimensionless time for FTacV)
F
£= ﬁ<E — E%) (dimensionless electrode potential)
kK°RT , , .
k= Ia (dimensionless electron transfer constant for cyclic voltammetry)
v
kO
k=— dimensionless electron transfer constant forE'TacV
f
0g,s = I'g,s/T"° (surface coverage of the formed complex)
O, = ', /T (surface coverage of the oxidized form of the species)
ki RT
kecv = csl Jail (dimensionless kinetic constant k; for cyclic voltammetry)
k
k1 pracy = ﬁ (dimensionless kinetic constant k; for FTacV)
S
Y= 4 ; o (dimensionless current density for cyclic voltammetry)
ﬁ.
Y = ﬁ+F (dimensionless current density for FTacV)
RT . : :
T = ﬁ (dimensionless rate for cyclic voltammetry)
v
Ty = fT;O (dimensionless rate for FTacV)

For the dimensionless time, the dimensionless electron transfer constant, the dimen-
sionless rates and the dimensionless current, the same symbol shall be used despite the
different dimensional analysis.

2In this section the same symbols shall be used for cyclic voltammetry and FTacV for reasons of
simplicity
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By introducing the dimensionless quantities in Eqs. (3.4.5) and (3.4.6) and replac-
ing in Egs. (3.4.3) and (3.4.4) we get the following set of equations for the temporal
evolution of the formed complex and the coverage of the oxidized form of the enzyme,

dbg, —a —a
d7E—) = —]{[(1 — 0E1 — 0E25)6(1 - QEl)e q (348)
de
dEQS — krl(l _ 9E1 _ GEQS) (349)
T

The resulting dimensionless rates for reactions 3.4.1 and 3.4.1 are presented in the
following equations.

P =k[(1— O, — Or,s)e' ¢ — Op, )e ] (3.4.10)
Ty = k1 (1 — Op, — Op,s) (3.4.11)

3.4.1 Numerical analysis

Taking into account the aforementioned dimensionless quantities we shall begin the
analysis by the employment of cyclic voltammetry. In Fig. 3.4.2 one can find the
dimensionless cyclic voltammograms for simple EC mechanism at various values of
the dimensionless kinetic constant k; cv in the case the electrochemical reaction is
reversible (kK = 100). In order to get a better understanding of the sequence of the
voltammograms, separate close-ups of the oxidation and the reduction peaks are also
presented in the same figure.

Starting from the oxidation peak for scan limits extending from & = 40 to ég = —40,
a steep decrease of the peak is observed for low values of k;1 cv, finally vanishing at a
value of ky1 cv = 0.01. Next, regarding the reduction peak, as long as the oxidation
peak is still apparent, there is no change neither in its value nor its position. For values
of ky1cv higher than 0.01, the peak starts increasing and shifts towards more anodic
potentials. This can be explained by taking into account that as ki cv increases, the
chemical reaction starts consuming the product of the electrochemical reaction, and
effectively the apparent mechanism of the reaction becomes,

krl,CV

(3.4.13)

resulting in an irreversible voltammogram. The shape of the voltammogram at very
high values of k;1 cv also resembles that of a one-way electrochemical reaction.

After the general description of the aspects of the voltammograms, we head back to
take a closer look at the oxidation peak. This gradually decreasing peak 1, cv is plotted
against the logarithm of k1 cv in Fig. 3.4.2(a). Also the normalized current peak with
the peak in the absence of substrate ¢, cv /Q/ngcv is plotted in Fig. 3.4.2(b). The initial
scope of such diagrams was to be used in order to extract the kinetic constant of the
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Figure 3.4.2: Dimensionless cyclic voltammograms for a EC mechanism of an immobi-
lized species for various dimensionless kinetic constant kyj cv. k& = 100 and &y cv = 0
(black line), 0.001 (red line), 0.005 (blue line), 0.01 (green line), 0.1 (magenta line), 1
(orange line), 5 (cyan line) and 10 (violet line). & = 40 to {g = —40.

chemical reaction by rendering dimensionless the experimental value of the oxidation
peak of such a system. But from further analyzing a couple of problems occurred. The
first is that all this takes into account the assumption that the first cycle is used and
the second that the peak is independent of the scan limits. The second one is the more
serious one since it shows that this approach lacks universality. Regarding the scan
limits, it will be further analyzed later in this work.

In Fig. 3.4.4, the anodic shift of the reduction peak &, cv is plotted against the
logarithm of k;; cv. For small values of k;; ¢y there is no shif of the peak, while for
large values of k1 cv, a linear dependence is observed.

Now, back to the oxidation peak 9, cv of the first cycle for low values of ki cv.
At this point the effect of the scan limits of the voltammograms is examined. The
Napierian logarithm of the oxidation peak is plotted against the k1 cv for four different
potential limits in Fig. 3.4.5. For all these cases, a linear dependence is observed with
all dependencies having the same intercept but different slopes. The intercept for all the
cases has a value of -1.386 wich corresponds to a value of In 0.25 (0.25 is the peak value
in the absence of the chemical reaction step). The change of the slope is attributed to
the change of scan limits. As the limits increase, reduction lasts longer, thus more time
for the second reaction to occur. Consequently, the decrease of the peaks is sharper
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Figure 3.4.3: ¢y cv and ¢y, cv /¥ oy vs log(kecv) for an EC of immobilized species.
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Figure 3.4.4: &, cv vs log(ky1 cv) for simple EC mechanism of an immobilized species.
Scan limits & = 40 to &g = —40
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Figure 3.4.5: Napierian logarithm of the oxidation peak of the first cycle for an EC
mechanism of immobilized species against the kinetic constant k,; ¢y for different po-
tential limits. & = 40 to g = —40 (black circles), & = 30 to &g = —30 (red squares),
& =20 to &g = —20 (blue diamonds) and & = 15 to £g = —15 (green triangles).

and for larger scan limits, the slope is higher.

From this aspect, cyclic voltammetry cannot be used as the method by using the
oxidation peak of the first cycle to extract the kinetic information directly. The next
thing that will be considered is if information can be obtained in the case of continuous
cycles. An example of such a case is presented in Fig. 3.4.6. In Fig. 3.4.6(a), a series of
a large number of voltammograms against time is presented. It is evident that as the
number of cycles increases, the peak height decreases. In order to get a clearer picture
of the voltammograms, a close-up in the first 15.5 cycles can be found in Fig 3.4.6(b).
For an even better understanding this series of voltammograms are presented against
the potential in Fig. 3.4.6(c).

After having examined the general outlook of the voltammograms over the course of
time, the surface coverage of the three forms that can coexist on the electrode surface
during such an experiment are presented in Fig. 3.4.7(a). As the cycles progress in time
the surface coverages of E; and Ey (g, and 1 — 0, — 0g,gs, respectively) decrease over
time, while that of EoS (0g,s) goes the other way. Moreover, the coverages seem to
have a step-like form, which is due to the fact that as the time progresses we have an
infinite succession of fully oxidizing and reducing the the immobilized species. When
the species is in its reduced form, the chemical step of the EC mechanism is unlocked,
thus, at this point the surface coverage fg,s increases while 1 — 0y, — 0,5 decreases.
During the periods when the immobilized species is in its oxidized form, the chemical
reaction does not proceed and thus, 0g,s is constant.

In Fig. 3.4.7(b) the dimensionless rate of the chemical step is shown. While the
species is in its oxidized form the rate is 0 while when in its reduced form, the rate takes
a certain value which lowers as the time progresses due to the consumption of E;. The
rate of the electrochemical step is not depicted as it is similar to cyclic voltammograms.

Then,in order to see if there is a clear correlation between the the oxidation peak of
cach cycle and the surface coverage, a plot of ¥, cv against 1 — 0y, — 6g,g is constructed
in Fig. 3.4.8. The value of the surface coverage corresponds to the peak of the coverage
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Figure 3.4.6: (a) Cyclic voltammograms against time of continuous circles for simple
EC mechanism of an immobilized species for k3 cv = 0.001. (b) Enlarged region for
the first 15 circles. (c) Cyclic voltammograms against potential for the first 15.5 circles.
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Figure 3.4.7: (a) Surface coverages of immobilized species against time for a EC
mechanim of immobilized species for kycy = 0.001 and &pix = 20 to &anar = —20.
01 (black line), 1-0g, — Og,s (red line) and Og,s (blue line). (b) dimensionless rate 7
against time under the same conditions.
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Figure 3.4.8: Oxidation peak of progressing cycles for simple EC mechanism of im-
mobilized species against surface coverarage 1 — 0y, — thetag,s for k1 cy = 0.001 and
fl =20 to gR = —20.

of the reduced form of the immobilized species during each cycle. A linear dependence is
observed, so, a direct correlation of the decrease of the surface coverage can be obtained
by using the values of the measured current in an experiment.

Next, an attempt is made to overcome the disadvantages of using the oxidation
peak of the first cycle of an experiment, by exploiting the successive oxidation peaks
of multiple cycles. The Naeperian logarithm of the oxidation peak against time for
different potential limits for k3 cyv = 0.001 is presented in Fig. 3.4.9. An an initial
glimpse, the trend seems to be the exact same, regardless of the the scan limits used.
From the slope of the fitting, directly the value of k1 cv is extracted, as in all cases it
corresponds to 0.001. Regarding the intercept, depending on the limits used, a slight
variation is observed with no obvious trend of physical meaning. Regardless of the
intercept though, the Naeperian logarithm of the oxidation peak can be expressed as
linear expression of time from which the k,; cv can be directly extracted, ignoring the
intercept which is a function of the scan limits. Therefore,

InvYy, ov = f(&,ER) — ke,ovT (3.4.14)

Rendering now, this equation dimensional, the above equation can be rewritten as,
ipcy = gett (3.4.15)

where ¢ is a constant which includes the scan limits, the surface concentration, the
temperature and the scan rate. However in an experimental where the sole scope is to
extract the kinetic constant of the chemical step of the reaction k; this constant does
not affect the desired result.

In Fig.-3.4.10 the same type of plot is depicted as in Fig. 3.4.9, at fixed scan limits
but different £, cv values, so as to confirm that the slope is indeed the kinetic constant
value. Again, linear dependence is observed with the slope being the k;; cv and the
slope slightly depending on the £, cv as well. Thus, we reach a formula similar to the
one previously introduces with the difference that the intercept in the dimensionless
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Figure 3.4.9: Napierian logarithm of the oxidation peak of progressing cycles for simple
EC mechanism of immobilized species against time for different potential limits for
kricv = 0.001. & = 15 to &g = —15 (black circles), & = 18 to €g = —18 (red squares),
& =20 to &g = —20 (blue diamonds) and & = 30 to £g = —30 (green triangles).

form and the q constant in the dimensional one depend also on the kinetic constant of
the chemical reaction, whithout have an impact on the way that k,; cv can be extracted
from the oxidation peaks on successive experiments,

Inp v = g(&1 &Ry kriov) — kov (3.4.16)

and,
ip.ov = g™’ (3.4.17)

Next up in line, is to check if the chief observables of an FTacV experiment can work
in the same way as the one in cyclic voltammetry. The first five harmonics resulting
from an FTacV experiment for simple EC mechanism of an immobilized species at a
dimensionless amplitude of 3.892 and various &y pracv are presented in Fig. 3.4.11. Asin
the case of cyclic voltammetry, looking at the oxidation peak, it drastically decreases as
the kinetic constant increases, and it has already vanished at a value of £y pracy = 0.1.

Up to this point, a dimensionless kinetic constant value of 0.01, the reduction peak
is in tact with no significant changes, but a larger values, and in the absence of the ox-
idation peak, it starts decreasing is size and slightly deforming. This comes in contrast
to the case of cyclic voltammetry where the reduction peak increases and shifts to more
anodic values, but for FTacV, this behavior comes natural When k,q pracy reaches very
high values, the two-step reaction is essentially rendered in an apparent one step irrre-
versible reaction, and the signals of irreversible reactions in FTacV drop significantly
in magnitude in comparison to the reversible ones.

Regarding the dominant peak of the odd harmonics for five different amplitudes,
diagrams similar to those of cyclic voltammetry (Fig. 3.4.3) are presented in Fig. 3.4.12.
The trend appears to be similar to that of cyclic voltammetry for the oxidation peak of
the first cycle, however, this approach suffer the same problems as the ones previously
discussed, that is that such diagrams depend strongly on the scan limits.

In Fig. 3.4.15, the progress of the 5th harmonic in time of an FTacV experiment for
ap = 3.892, & = 20 to &g = —20, ki1 pracy = 0.001 is presented. There is also a zoom
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Figure 3.4.10: Naeperian logarithm of the oxidation peak of progressing cycles for a
EC mechanism of immobilized species against time for different kinetic constants for
& =20 to &g — 20. Ky cv = 0.0001 (black circles), 0.0005 (red squares), 0.001 (blue
diamonds) and 0.002 (green triangles).

in the first six cycles. One can clearly see that a trend of decrease is present as the one
in found in cyclic voltammetry.

The surface coverages of the possible forms of the immobilized species alongside the
dimensionless rate of the chemical step, are presented in Fig. 3.4.14(a) and 3.4.14(b),
respectively. The same pattern is observed as the one in cyclic voltammetry. The
difference is that in the surface coverages and the rate, a perturbation is also observed
due to the potential perturbation applied in FTacV.

Taking into account the trend observed in cyclic voltammetry for the oxidation peak
over the course of successive cycles, two more parameters are examined, namely the
order of the harmonic and the perturbation amplitude. As can be noted in Figs. 3.4.15
and 3.4.16 a linear dependence is still observed both when the order of the odd harmonic
as well as the perturbation amplitude are examined. In all the cases the slope of the
diagram corresponds to the ki pracy and the only thing that changes is the intercept.
Thus, other than the parameters that affect the intercept of such diagrams other than
the ones already mentioned in cyclic voltammetry are these two. Consequently, the
dependence of the dominant oxidation peak of the odd harmonic for FTacV, in the
dimensionless and the dimensional form are presented below,

In ¢ip,FTacV = h(finitu fﬁnala krl,FTacV’ Oéo) - krl,FTacVT (3418)

and,
7:ip,FTaCV = qeklt (3419)

Still solely, by exploiting the oxidation peak of the current the kinetic constant of
the chemical reaction can be extracted by fitting the above equations to the experi-
mental data. It should be noted that even though this analysis holds for a reversible
electrochemical reaction, this analysis can also be applied for the examination of quasi
reversible cases of the electrochemical step [%].
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Figure 3.4.11: 1st through 5th harmonic (a) -(e) for an EC mechanism of an immobilized

species. o = 0.4868, o = 3.892 ,&; = 40 to {g = —40, k = 100 and ky1 pracvy = 0 (black

line), 0.001 (red line), 0.01 (blue line), 0.1 (green line), 1 (magenta line) and 10 (orange

line).
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Figure 3.4.12: Dimensionless oxidation peak 1, pracy against logky1 pracy of (a) st (b)
3rd and (c) 5th harmonic for an EC mechanism of an immobilized species for different
dimensionless amplitudes for & = 40 40 to £g = —40. oy = 3.892 (black circles), 5.839
(red squares), 7.784 (blue diamonds), 9.731 (green triangles) and 11.677 (magenta x).
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Figure 3.4.13: (a) 5th harmonic FTac voltammograms against time of continuous circles
for an EC mechanism of an immobilized species for kyj pracv = 0.001, op = 3.892 and
& =20 to &g = —20 . (b) Zoom in the first 6 circles.
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Figure 3.4.14: (a) Surface coverages of immobilized species against time for an EC
mechanism of immobilized species for ky; oy = 0.001 and & = 30 to {g = —30 and
amplitude 3.892. 6, (black line), 1 — 0g, — Og,s (red line) and Og,s (blue line). (b)
dimensionless rate 75 against time under the same conditions.
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Figure 3.4.15: Napierian logarithm of the oxidation peak of progressing cycles for an
EC mechanism of immobilized species against time for oy = 3.892, & = 20 to &g = —20,
k1 pracy = 0.001 for different harmonics. 1st harmonic (black circles), 3rd harmonic
(red squares) and 5th harmonic (blue diamonds).
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Figure 3.4.16: Naeperian logarithm of the oxidation peak of the 5th harmonic of pro-
gressing cycles for an EC mechanism of immobilized species against time for & = 20
to &r = —20, Ky pracy = 0.001 for different amplitudes. Amplitude values 3.892 (black
circles), 5.839 (red squares) 7.784 (blue diamonds) 9.731 (green triangles) and 11.677

(magenta x).

3.4.2 Mechanistic analysis

Considering the same mechanism, a mechanistic approach shall be made.

Firstly, we shall consider the case where the electrochemical reaction is reversible,

i.e. Nernst law applies,
I'g, _ 6%(E—EO)
g,

Since, Eq, Eo and EsS are immobilized,
I’ = I'e, (t) + FEQS(t) + Ik, (t)
By using Eq. (3.4.21), Eq. (3.4.20) is written,

[0 — Tg,s(t)
Pealt) = e

The rate of the product production will be,

dr
ry= =2 = hcsT,s (1)
or, by using Eq. (3.4.22),
dl'g,s I % — Tg,s(t)
=kics——F
dt ]_ _|_ eﬁ(E_E )

The rate of change of T'y is obtained by differentiating Eq. (3.4.22). Thus,

ke + 4o BV err (F—F?)

dTg,
B (1 + enr(B-E0)2

dt

—(I° = Tg,s)

The rate of change of I'g, is obtained by differentiating Eq. (3.4.21),
g,  dlp,  dlps

dt dt dt

(3.4.20)

(3.4.21)

(3.4.22)

(3.4.23)

(3.4.24)
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that is,
dFE FO - FEQS F / F @0
L — —F —k (E-E7) 4.25
dt (1+6%(E7E0))2(RT 1CS)6RT (3 )
The current density will be,
i dl'g,
F o dt
Thus, from Eq. (3.4.25),
| F F 0
[=SF : (—E’ - ) o (B=E°) 3.4.26
i (14 eArE—E9)2 \RT hacs Jetr (3.4.26)

where S is the electrode surface area. We observe that the current depends on the
analytic form of I'p(t) as well as the potential program FE(t). Thus,

e For a cathodic linear scan,

E(t) = EI — vt
the current is written,
FO — FE S Fv F 0
[=-SF : (— k ) 7o (E=E°) 3.4.27
i (1 + crrE-m0y2 \RT *M1)¢" (34.27)
e For an anodic linear scan,
E(t) = Eg + vt

the current is written,

I — Ips (FU

I=AF —
(1+ err E-ED)2 \RT

- klcs)eza%@—EO) (3.4.28)

In order to write the analytic dependence of I on potential or time, the analytic
form of I'g,s(t) must be determined.
The analytic form of I'g,s(¢) is obtained by solving Eq. (3.4.23).

e For a cathodic scan, Eq. (3.4.23) is written,

dr [0 — Dpys(t
25— e - Exs(?) (3.4.29)
dt 1+ eﬁ(Ei—Ut—EO)

This equation can be solved by separation of the variables,

kicgRT
- Fv

Tg,s(t) =0 — C(1 + ¢ #r(F-F)

The integration constant C'is determined by the value of I'g,g at the time instant
ti, i.e. when the potential is equal to E;. Hence,
RT

Tp,s(t) = [0 — (I° — Tp,g(t;))(1 + ¢~ mr (BB ~kea il (3.4.30)

Here, it has been assumed that e~ wr(Bi—vti—E%) _
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e For an anodic scan, Eq. (3.4.23) is written,

(3.4.31)

This equation can be solved by separation of the variables,

kicgRT

Prys(t) = 10 — O(1 + e~ wr E-E0) 7

The integration constant C'is determined by the value of I'g,g at the time instant
t., 1.e. when the potential is equal to E,. Hence,

14 e 7r (E—E°) )lﬂcs};f (3.4.32)

— 7179 _ (19 _
Cras(t) = I = (1 = Pes(t) (s

It is to be observed that the analytic expressions of I',(¢) depend on the values of
p(ti) (i.e. the surface concentration of P at the beginning of the cathodic scan) and
o(tr) (i.e. the surface concentration of P at the beginning of the anodic scan).

For the first cathodic scan, that is for t € [0,t,], t; = 0 and I'g,s(¢;) = 0. Thus,
Eq. (3.4.30) is written,

r
r
Ipys(t) = Y — Fo(l + e‘%(E—EO)>—kcA%
The value of I'g,s at t = t, is,
Trys(t) =T° —T°(1 + e_%(Er—EO))_klcs%

Now, for the first anodic scan, that is for t € [t,, 2t,], the value of I'g,s(¢;) is known
and Eq. (3.4.32) is written,

Lt e

_ 10 70
Fes(t) =7 T [(1 + e—%(Er—EU)p

At the end of the first anodic scan t; = 2t,. Therefore,

F
1 + e #r(B-E%) rsff

Tps(t) =T0 — FO[

Now, for the second cathodic scan, that is for t € [2t,,3t,], the value of I'p(t;) is
known. Equation (3.4.30) is written,

F
1+ e ar(F=E) }—klcs’}f

(1+ e‘%(Er_EO))—Q

Tp,s(t) = IO — FO[

At the end of the second cathodic scan, i.e. at 3t,, the value of I'g,g is,

RT

Ip,s(t:) = o — FO[(l + e—%(Er—EO))B]—klcsﬂ
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Therefore, by using Eq. (3.4.32) for the second anodic scan, that is for ¢t € [3t,, 4t,], we
get,
14 e ar(F=F") qhies T

(1 + e RT(Er EO))4

It is to be observed that, if n = 1,2,... is the number of the corresponding scan,
the following equations hold,

Pes(t) =0~ T°|

e For the n-th cathodic scan, E(t) = E; — [t — 2(n — 1)t,],

1 — 4= (E-E°) —kies BT
Pps(t) = IO — FO[ e } o (3.4.33)
(14 e #7(Bx—E ))2(1771)
e For the n-th anodic scan, E(t) = E. + v[t — (2n — 1)t,],
14+ e rrE-E") ke L
Toys(t) = I0 — FO[ e ] o (3.4.34)
’ (1 + e~ E—E"))2n

The above equations can be written in dimensionless form by setting, Op,s = F?SS,
§ = #7(E — E°), &p = £ (E: — E°) and ky, cv = kics®. Therefore,
e For the n-th cathodic scan,
0 1+e ¢ —hry v 4
Bos = 1= [(1 + e—¢r)2(1- )] (3.4.35)
e For the n-th anodic scan,
s = 1 — |5 ] 3.4.36
s = 1= [ g (3.4.36)

An example of the dependence of 0,5 on & for four cycles is presented in Fig. 3.4.17,
for k., cv = 0. 01

Using ¢ = 4 F2 FO as well as the above dimensionless variables and parameters, the
dimensionless current is written,

e For the cathodic scans,

= L+e* “keyov (14 ke, ov)€
v=- [(1 + @—ER)Q(l—n)i| W (3.4.37)
e For the anodic scans,
1+ 676 Fry oV (1 - ]{71"1,0\/)6f
v= [m] eSS (3.4.38)
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Figure 3.4.17: Dependence of 0g,g on ¢ for four cycles and k., cv = 0.01.
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Figure 3.4.18: Dependence of 9 on & for eight cycles and k., cyv = 0.01.

The cyclic voltammogram is presented in Fig. 3.4.18. The potential of the anodic
current peak can be obtained by differentiation. Thus,

gp,CV,a = hl(l - krl,CV)
that is,

RT
Eovap = B +1n (1 klcsﬁ> (3.4.39)

It is to be noticed that a maximum of the anodic peak exists only if,

Fo

ki <
'™ RTcs

that is for & < 38.95% at 298 K.
The potential of cathodic current peak can be obtained, once again, by differentia-
tion. Thus,

fCV,p,C == ln(l + krl,CV)



Chapter 3. Voltammetry of Immobilized Species 163

that is,
RT
Eovpe = E° +1n (1 + k:lcsF—> (3.4.40)
v
The anodic and cathodic peak potential is independent of the number of cycles, n.
For small values of k, both anodic and cathodic peak potentials are E, , ~ E, . ~ E°.

In such a case, the anodic peak current is,

” - [ 2 }krl,cvl
Since e %® > 1 the above equation is written,
2k, 1—k,
Inpcva = In wovl 1 Lov) | 2 ke, v (3.4.41)
or, in dimensional parameters,
FEr — E°
Inlycva = B+ 20— ke, (3.4.42)

v

But, 2(F, — E°)/v = t, . —tp.a, where t,, and ¢, , are the time instances where the n-th
anodic and cathodic peaks appear. Therefore, the equation relating the height of the
anodic peak with the time instance when it appears is,

Inl,cyo =B —nkics(tpa — tpe) (3.4.43)

The slope of the linear plot of In I, , vs. t, , can serve for the evaluation of k; (for known
¢s). It is interesting to notice that the slope is independent of the electrode surface and
the value of the formal electrode potential.

An example of the dependence of ¥p oy, on n for eight cycles and k,, cy = 0.01 is
shown in Fig. 3.4.19. From this plot, the slope was found to be —0.396. Taking into

account that £ = —20, the estimation of k,, cv is,
0.396 0.396

k. - _ = = 0.0099
Hev 2R 2x20

which is a rather good approximation of the original value.
For a large amplitude Fourier transform ac voltammetry, the potential program is
written,
£(t) = 2—&asin[sin (M
s 2t,
where the dimensionless time is defined now as 7 = tf. The evolution of the coverage
of the product is written,

)] + agsin(277) (3.4.44)

dGEQS 1 — GEQS(T)
= _— 4.4
and the Faradaic current is,
1-46
=25 (¢ ov)ed (3.4.46)
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Figure 3.4.19: Dependence of 1, on n for eight cycles and k., cv = 0.01.
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Figure 3.4.20: Dependence of 93 on 7 for four cycles and k., cv = 0.01.

where now, ky, cv = kicg/f and ¢ = #Fof' The derivative of £ is?,

T)] + 2mag cos(2nT)) (3.4.47)

(1) = —sgn[sin (2;
Unfortunately, Eq. (3.4.45) cannot be solved analytically, so we must turn to nu-
merical solutions.
The envelope of the 3rd harmonic, 93, for n = 4, k;, cv = 0.01 and a9 = 3 is
presented in Fig. 3.4.20. In this figure, the first triplet corresponds to the first cathodic
scan, the second triplet to the first anodic scan, the third triplet to the second cathodic

scan etc.

3The signum function (sgn) - that appears in the equation - of a real number z is defined as follows:
o -1 ifz<l1
o 0,ifz=1
o 1 ifx>1
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Figure 3.4.21: Dependence of the anodic 13, on n for four cycles and k¢, cv = 0.01.

The dependence of the height of the principal anodic peak of the 3rd harmonic, 3,
on the cycle number n is presented in Fig. 3.4.21. The slope of this plot is —0.399.

Taking into account that {&g = —20, the estimation of k., cv is,
0.399
. = — = 0.0099
vV 28R

which is a good estimation of the kinetic constant.
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4. Description and electrochemical study of lytic
polysaccharide monooxygenases (LPMOs)

The scope of this chapter is the study of some of the mechanistic aspects of lytic
polysaccharide monooxygenases (LPMOs) with the use of electrochemical methods. In
the beginning of the chapter an introduction to the LPMOs and their classification is
made, followed by an overview of their mechanism and the methods employed for their
characterization.

As a next step the methodologies and the biochemical protocols followed for their
expression and purification are presented. Finally, the produced LPMOs are studied
electrochemically with direct electron transfer and their interaction with phosphoric
acid swollen cellulose (PASC) while immobilized on a modified electrode surface is
examined.

4.1 An introduction to LPMOs

4.1.1 Families

Lytic polysaccharide monooxygenases (LPMOs) are copper-dependent enzymes that
cleave polysaccharides through an oxidative mechanism. They are major contributors
to the recycling of carbon in nature and are currently used in the biorefinery industry
and are commonly used in synergy with cellulases to enhance biomass deconstruction
[1]. LPMOs are classified as Auxiliary Activities (AAs) in the Carbohydrate Active
enZyme database (CAZy). They are divided into seven families (AA9 — 11 and AA13
— 16), based on their sequence similarities. Most of the LPMOs studied thoroughly
belong to the AA9 and AA10 families [2]. In this work the main focus will be on
LPMOs belonging to the AA9 family, although information on the other families shall
be provided as well.
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AA9

Regarding the AA9 LPMOs, their main source are fungi. This family possesses cat-
alytic activity over a wide range of substrates including cellulose, cello-oligosaccharides,
glucomannan, mixed-linkage glucan, xylan, xylo-oligosaccharides and xyloglucan. Re-
garding their regioselectivity, Cl-specific, C4-specific and mixed C1-C4 LPMOs have
been discovered releasing either products with an additional carboxyl group (lactonic
acids) or gemdiols (hydrated form of corresponding 4-ketolaldoses), respectively.. It
is the only family to have such a wide range of substrates and regioselectivity until
now [2]. The fungi from which LPMOs from the AA9 family have been characterized
based on cazy.org include Aspergillus nidulans, Gloeophyllum trabeum, Heterobasidion
wrrequlare, Lentinus similis, Neurospora crassa, Podospora anserina , Thermothelomyces
thermophila and Trichoderma reesei.

Of interest in this work, are AA9 LPMOs deriving from the fungus Thermoth-
elomyces thermophila, thus we shall pay a little more attention to enzymes originating
from this particular fungus for now. One of the first LPMOs that comes from Ther-
mothelomyces thermophila was reported by Dimarogona et al in 2012 [3] under the
name StCel6la'. At the time it was not recognised as an LPMO but as a glycoside
hydrolase belonging to the GH61 family. Although rather weak hydrolytic activity on
specific glucans and xylans was observed, it was noted that it could enhance lignocellu-
lose hydrolysis when added to Celluclast or cellulases. Moreover, the enhancing effect
was related to the lignin content of the substrate. This LPMO was later published as
MtLPMO9? and its synergism was examined with a thermostable processive MtEGH
endoglucanase [1]. The regioselectivity of the enzyme is mixed C1-C4.

Another LPMO from 7. thermophila belonging to the AA9 family is MtLPMO9A
that shows oxidative cleavage of xylan and cellulose with mixed C1-C4 regioselectiv-
ity [0]. MtLPMO9B and MtLPMO9C were expressed homologously in Thermoth-
elomyces thermophila and were tested on regenerated amorphous cellulose (RAC),
both in presence and absence of ascorbic acid and the and the products were anal-
ysed with HPAEC and MALDI-TOF MS. [6]. MtLPMO9B gave only Cl-oxidized
gluco-oligosaccharides while MtLPMO9C only C4-oxidized gluco-oligosaccharides Be-
sides non-oxidized gluco-oligosaccharides. MtLPMO9D was found to oxidize cellu-
lose at the C1 position [7], MtLPMO9E produces C4-oxidised cello-oligosaccharides ,
MtLPMOO9I is Cl-specific [¢] and MtLPMO9J oxidizes at the C4 position and shows
activity against cellulose, soluble cello- oligosaccharides and xyloglucan [9].

AA10

Regarding the members of the AA10 class, they originate from bacteria. Their activity
include cellulose and chitin as substrates, while regarding their regioselectivity C1-
specific and mixed C1-C4 AA10 LPMOs have been found [2]. Before identified as
members of the AA10 family, they were generally known as chitin binding proteins
(CBPs) and as carbohydrate-binding modules belonging to family CBM33.

L Thermothelomyces thermophila was known as Sporotrichum thermophile at the time.
2 Thermothelomyces thermophila was known as Myceliophthora thermophila at the time
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AA11l

The AA11 LPMOs originate from fungi, are active on chitin and Cl-specific[2]. In this
category, only one LPMO has been fully characterized from Aspergillus oryzae [10]. Tt
was expressed in F. coli. Its products were characterized with MALDI-TOF analysis
showing chitinolytic activity with no activity on other substrates such as mannans,
cellulose and starch.

AA13

The AA13 family LPMOs are produced fungi and they comprise a unique group of
enzymes that are active on starch. They are Cl-specific LPMOs|[2]. 4 LPMOs of this
family have been characterised up to now, one from Neurospora crassa [11], one from
Aspergillus nidulans [12], one from Aspergillus terreus [13] and one from Aspergillus
oryzae [11]. The LPMO from Neurospora crassa was shown to have activity on both
amylose and amylopectin oxidizing the C1 position [11] while the one originating from
Aspergillus nidulans was shown to have activity on n a recalcitrant ‘retrograded’ starch,
predominantly releasing aldonic acid maltooligosaccharides [12].

AAl14

AA14 LPMOs originate from fungi. They are active on xylan and have been found
to be Cl-specific [2]. LPMOs from this family were first expressed and characterized
biochemically by Couturier et al in 2018 [15]. The first characterized members of
this family originate from the white-rot basidiomycete fungus Pycnoporus coccineus,
PcAA14A and PcAA14B, and they were heterologously expressed and produced in in
Pichia pastoris. When examining their activity a wide range of polysaccharides includ-
ing cellulose and xylans in the presence of ascorbic acid were tested, giving no activity.
An interesting characteristic of this LPMO family is that they do not harbor any CBM
module, indicating that they do not require specific binding to the flat crystalline cel-
lulose surface to act. Initial findings suggest that AA14 can act upon xylan only when
the latter is attached to crystalline cellulose rather than alone.

AA15

The AA15 LPMO family can be found in eykariota and viruses. These LPMOs are
active on cellulose and chitin and have been found to be Cl-specific [2]. 2 LPMOs
of this family have been characterized up to now both from the insect Thermobia
domestica [10]. TdAA15A was cloned andexpressed in Escherichia coli and its activity
was assayed n microcrystalline cellulose (AVICEL® PH-101) and S-chitin (squid pen
chitin) indicating a predominant Cl-oxidation pattern and generation of Cl-aldonic
acids onboth substrates. It is worth noting that in this work different electron donors
were explored including ascorbic acid, hydroquinone, gallic acid, pyrogallol, cystein,
quinic acid, cysteine and coumaric acid and the maximum yield regarding the product
formation was given by gallic acid and not ascorbic acid. In fact, ascorbic acid gave the
worst yield out of the donors tested. TdAA15B was also produced and purified and what
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was revelaed after analysis with MALDI-TOF MS was gallic acid-dependent formation
of Cl-oxidation products from both highly crystalline and partially amorphous chitin.

AA16

AA16 is the LPMO family which most recently discovered. This cluster of LPMOs
shows similar biochemical characteristics to those of Cl-acting enzymes of AA9 family,
however their classification in a different family was based on bioinformatic analysis.
These enzymes originate from fungi and are active on cellulose. They are Cl-specific
[2]. The first LPMO of this family was encountered by Filiatrault-Chastel et al [17]. It
originated from the fungus Aspergillus aculeatus (AaAA16) and was produced to high
level in Pichia pastoris. Its molecular weight is about 38 kDa with activity detected on
cellohexaose and cellulosic substrates. Using HPAEC-PAD the release of a majority of
non-oxidized products (DP2-DP5), and small peaks eluting at the same retention time
as Cl-oxidized products (DP2ox-DP4ox) was monitored.

4.1.2 Structure

Despite the fact that generally the different LPMO families show many differences in
their sequences, their structure follows a general pattern. The core is built up by two
[B-sandwiches made up of anti-parallel strands making the LPMO structure resemble
both fibronectin type III and immunoglobulin domains. On the aforementioned strands
loops of various lengths and a varying number of short helices are connected. These
loops have an effect on the substrate-recognizing surfaces of the LPMOs.

The most common characteristic regarding the LPMOs is their active center, con-
taining a solvent-exposed type-2 copper center. This copper ion is coordinated by three
nitrogen ligands provided by two fully conserved histidine residues (one of which is the
N-terminal residue) that form a T-shaped histidine brace. When it comes to fungal LP-
MOS , the N-terminal histidine is N-methylated. Additionally, two water molecules in a
fourth equatorial position and in the distal axial position, and a tyrosine/phenylalanine
in the proximal axial position act as ligands for the copper ion.

Regarding the part of the LPMOs that differ from family to family, or even among
members of the same family, this is the second coordination sphere. It is made up of
residues close to the copper but not directly interacting with it. However, these residues
may help shaping the active site and in coordinating the co-substrate.

The substrate-binding surface area of different LPMOs also varies in terms of the na-
ture of amino acids of the flat surface binding areaEnzymes belonging to the AA9 family,
generally have flat substrate-binding surfaces with solvent- exposed aromatic residues,
while the ones belonging to the AA10 family have largely hydrophilic substrate-interacting
surfaces with only one surface-exposed aromatic residue oriented in such a way that it
can participate in stacking interactions [18].
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4.1.3 Regioselectivity

The LPMOs in general can have different regioselectivity. More specifically, their action
can cleave polyssacchirides leading to the oxidation of the C1 position generating a
lactone, which is hydrated to a reducing-end aldonic acid or to the oxidation of the C4
position leading to non-reducing-end 4-ketoaldose formation, which will spontaneously
hydrate to gemdiols in aqueous conditions. There are LPMOs which can cause the
oxidation of both the C1 and C4 position leading to double oxidized products (Fig. 4.1.1)

[19].
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Figure 4.1.1: C1/C4-regioselectivity of LPMOs

4.1.4 Mechanisms

One of the main mysteries that remain unresolved regarding the LPMOs is their mech-
anism of action. When initially discovered they were thought to use Oy as their co-
substrate in order to cleave the bonds of the substrates they interact with. Recently,
evidence has arisen claiming that their actual co-substrate is HoOy and not O,. In this
section, an overview of the proposed mechanisms shall be presented.

We shall begin with the scenarios that assume that the co-substrate is Oy, under
which the LPMOs were initially classified as monoxygenases. Still, in this case, varia-
tions exist, regarding the intermediats as well as the question wether O, binds before
or after the substrate to the enzyme’s active surface [20, 21].

Oxygen binds to Cu before the substrate
As a first step the enzyme is reduced from its oxidized state LPMO-Cu(II) to its reduced
form LPMO-Cu(I) by an external electron donor.
LPMO — Cu(Il) + e~ = LPMO — Cu(I) (4.1.1)
Then O, binds to the reduced form LPMO-Cu(I) forming LPMO-Cu(II)-OO°*~
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LPMO — Cu(I) + Oy === LPMO — Cu(II) — 00*~ (4.1.2)

Then the substrate RH binds to the LPMO-Cu(II)-OO®~ forming a complex LPMO-
Cu(I)-OO°*~-RH

LPMO — Cu(II) — 00*~ + RH <= LPMO — Cu(II) — 00*~ — RH (4.1.3)

Substrate binds to Cu befor O,

As a first step again the enzyme is reduced from its oxidized state LPMO-Cu(II) to its
reduced form LPMO-Cu(I) by an external electrode donor.

LPMO — Cu(II) + ¢~ == LPMO — Cu(1) (4.1.4)

Then the substrate RH binds to the reduced form LPMO-Cu(I), forming a complex
LPMO-Cu(I)-RH

LPMO — Cu(I) + RH == LPMO — Cu(I) — RH (4.1.5)

After that, Oq binds again to the LPMO-Cu(I)-RH complex forming LPMO-Cu(1I)-
OO* -RH

LPMO — Cu(I) — RH + Oy == LPMO — Cu(Il) —- 00~ — RH (4.1.6)

After the binding

Regardless of what binds first, the result seems to be the same with the formation of
the LPMO-Cu(II)-OO*~-RH superoxide intermediate. For the next step, again various
scenarios have been proposed with the most plausible being the following one.

After the binding of the Oy and the substrate on the active center, the LPMO then
performs its catalytic cycle via two proton-coupled electron-transfer steps, leading to
elimination of a water molecule and formation of an LPMO-Cu(II)-O*~-RH interme-
diate. The latter abstracts a H atom from the atom of the saccharide with a rapid,
water-assisted hydroxyl rebound to the substrate, leading to formation of the product
R-OH and regenerating the enzyme active state LPMO-Cu(I)

LPMO — Cu(II) — 00*~ — RH + H' === LPMO — Cu(Il) - OOH™ —RH  (4.1.7)

LPMO — Cu(II) — OOH™ — RH + H* <= LPMO — Cu(Il) — O*~ — RH + H,0
(4.1.8)

LPMO — Cu(Il) — O*~ — RH == LPMO — Cu(I) + RH (4.1.9)
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4.1.5 Electron Donors

Out of all the topics that remain unresolved regarding the mechanism of action of
LPMOs, the one that all the groups working with LPMOs have agreed upon is that in
order for the catalytic cycle to initiate, electrons shall be provided to the enzymes be
an external donor. Now, regarding the nature of donors, several works have attempted
to deal with the issue.

One of the early electron donors reported was the enzyme cellobiose dehydrogenase
(CDH) [22, 23, 24]. One other commonly used molecule used as an electron donor and
has been proven to be rather effective is ascorbic acid [4, 9].

Other enzymes that have been studied and were proven to be quite efficient include
single-domain flavoenzymes and more specifically aryl-alcohol quinone oxidoreductases
(AAQOs) from Pycnoporus cinnabarinus and an aryl-alcohol oxidase (AAO) from Usti-
lago maydis [25].

In another work by Westereng et al, low molecular weight lingin (LMWL) and high
molecular weight lingin (HMWL) fragments were tested as electron donors. Oxidized
products from TtLPMO9E and PcLPMO9D were found in samples containing both
LMWL and HMWL, while in samples containing only one of the fragments, no activity
was detected. Thus, it was proposed that a mechanism where water soluble compounds
from LMWL shuttle electrons from HMWL to the active site of the LPMOS stands

[20].

4.1.6 Characterization Methods

In order to assay the activity of LPMOs different approaches have been made over
the years, as carbohydrates are rather difficult to analyze with the use of common
chromatography or other usual detection methods since they are very polar molecules
exhibiting similar structure characteristics and lack a right chromophore.?

Chromatographic approaches

While the carbohydrates remain unchanged in acidic and neutral pH values, when
moving to very high pH regions (over 13) they become oxyanions [27]. A way to detect
oxyanions is anion exchange chromatography using NaOH eluents. Under alkaline
conditions, native, C1, C4 and C1/C4 oxidized sugars are eluted in different elution
times, making it possible to detect them.

The detection and quantification of carbohydrates in such a system is done with
pulse amperometric detection (PAD) [27, 28, 29]. The working electrode used for the
detection is a gold one. While it was known well before its application that carbonhy-
drates could be detected on gold electrodes at highly alkaline solutions, the fouling of
the electrode at very high pH values by the oxidized products was an obstable. Thus
a succession of different potentials were implemented in order to clean and restore the

3 A region in the molecule where the energy difference between two separate molecular orbitals falls
within the range of the visible spectrum.

4Glucose for example has a pK, at a value of 12.28 and in a pH of more than 12, it shall be in
equilibrium with its oxyanion [28].
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electrode after the detection. the most common potential program used is that of a 4
potential wave form. Even a two potential waveform has been proposed, giving identical
results [29].

The above system is one of the most commonly used systems for the detection of
products from the action of LPMOs and its acronym is HPAEC-PAD standing for high
performance anion exchange chromatography with pulsed amperomentric detection [27,

|. The stationary phase in the chromatography column used in HPAEC-PAD is
composed of essentially non-porous (microporous) poly-styrene-divinylbenzene beads
chemically treated to create a cation-exchanger. These substrate beads are then treated
(agglomerated) with smaller poly-styrene-divinylbenzene beads (<1 pum, the latex) that
had quaternary amine groups (a strong anion-exchanger) on their surface. For the
mobile phase when it comes to the separation of carbonhydrates only two types of
mobile phases are required: sodium (or potassium) hydroxide and sodium acetate [25].

Westereng et al in 2013 made a comparison fo different chromatographic appo-
raches for the identification and quantification of the products generated by the action
of LPMOs [30]. HPAEC-PAD is reported to offer speed in the analysis, sensitivity and
good separation of the products. Porous graphitized carbon liquid chromatography
(PGC-LC) has the advantage of separating lactones from aldonic acids but as a draw-
back, its strong retention of longer oligosaccharides is listed. This leads to limiting the
study of oligosaccharides of intermediate length and could possibly lead to shortening
the life time of the column. Regarding hydrophilic interaction liquid chromatography
(HILIC), it is reported to offer shorter times and better separation that PGC-LC, but
it is more sensitive to the changes in the composition of the solvent and its peaks are
poor compared to HPAEC-PAD and PGC-LC.

In 2006 the same group accepting the dominance of HPAEC-PAD in the analysis of
products derived from LPMOs, proposed PGC hyphenated with either charges aerosol
detector (CAD) or mass spectrometry (MS) in order to overcome the instabilities of
the C4 products of LPMOs in alkaline solution for the mobile phase of HPAEC-PAD

[31].

Other Approaches

Other techniques for the detection of LPMO products are matrix assisted laser desorp-
tion/ionization of flight mass spectromet (MALDI-TOF-MS) [5, (] and Electrospray
ionization mass spectrometry (ESI-MS) [31].

Moreover, three spectroscopic techniques have been proposed for monitoring the ac-
tivity of LPMOs. Although two of them are based on their action as peroxygenases and
not have a direct correlation to their oxidized products. The first of the spectroscopic
approaches conerns the C; active LPMOs. The LPMO treated surface of the oxidized
polyssachiride is first percipitated by centrifugation and the supenatant is disposed.
After washing it with HEPES®, a Ni?** solution is added which is adsorbed on the ends
of the treated polyssacchiride. Using pyrocatethol violet (PV) spectroscopically the
change in the concentration of Ni?* is estimated. This change is then correlated to the
carboxyl groups of the substrate [32].

5 (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) is a zwitterionic sulfonic acid buffering agent.
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Regarding the other methods 2,6-dimethoxyphenol (2,6-DMP) and hydrocoerulig-
none were tested in the presence of HyO, giving apparent Michaelis Menten constants
for HyO5 in the range of a few uM [33, 31].

4.2 Expression of LPMOs

Starting this section, the biochemical methodologies regarding the enzyme production
and purification shall be introduced. All LPMOs introduced in this work are a result
of recombinant expression in Pichia pastoris. The two expression vectors used are
pPICZaC and pGAPZaC."

Three LPMOs can be found in this work. MtLPMO9H (GenBank:XP_003661787.1)",
FoLPMOQO9 and MtLPMO9G (GenBank: AEO54509.1). Of these FoOLPMO (GenBank:
XP_018247071.1) and MtLPMO9H are expressed in both pPICZaC and pGAPZaC,
while MtLPMO9G in pGAPZaC only. MtLPMO9H [3], FOLPMOO9A expressed in
pPICZaC have already be expressed in the laboratory of Biotechnology of the School of
Chemical Engineering of the National Technical University of Athens, while MtLPMO9H
in pGAPZaC has been produced in LuleaTekniska Universitet, Sweden. Thus, the en-
zymes that are produced for the first time in this work, are FoLPMO9 and MtLPMO9G
in pGAPZaC. Although all steps of production and purification will be introduced, ac-
cording to the information given above, each enzyme underwent the respective stages.

In Table 4.2, one can find which enzyme is expressed in which vector is this work.
The genes of the LPMOs that can be found in this work are reported in Appendix A.

Table 4.1: List of LPMO enzymes that were produced in this work together with the
respective vector.

Enzyme pPICZaC | pGAPZaC
MtLPMO9H v v
FoLLPMO9 v v
MtLPMO9G X v

In Table 4.2 the theoretical molecular weights of the LPMOs can be found as esti-
mated using ExPasy based on their aminoacid sequence. The actual molecular weight
of the enzymes is also presented. The molecular weight for MtLPMO9H is already
known [1], the SDS-PAGE results® used for the estimation of the molecular weight
of FoLPMQ9 are presented in Appendix B, while the biochemical characterization of
MtLPMOO9G is not part of this work, thus, the SDS-PAGE results for this enzyme are
not presented.

MtLPMO9H and FoLPMQO9 are categorized as a C;-C4 LPMOs while MtLPMO9G
is a C; LPMO, based on their regioselectivity.

6Tt is actually a modified version of pGAPZaC, but this matter will be referred to later in this
work.

"Previously reported as StCel61a and MtLPMO9.

8The process for SDS-PAGE is described later.


https://web.expasy.org/compute_pi/

176 4.2. Expression of LPMOs

Table 4.2: Theoretical vs determined molecular weight for each LPMO.

Enzyme Theoretical MW / kDa | Determined MW / kDa
MtLPMO9H 34.94 65
FoLLPMO9 31.53 55
MtLPMO9G 25.28 29

4.2.1 Expression Vectors

An expression vector is usually a plasmid or virus designed for gene expression in cells.
The vector is used to introduce a specific gene into a target cell, and can commandeer
the cell’s mechanism for protein synthesis to produce the protein encoded by the gene.
Expression vectors are the basic tools in biotechnology for the production of proteins.

The vector is engineered to contain regulatory sequences that act as enhancer and
promoter regions and lead to efficient transcription of the gene carried on the expression
vector. In this work the two vectors that shall be used are pPICZaC and pGAPZaC.

4.2.2 pPICZaC Vector

pPICZaC is a 3.3 kb expression vector which is used in order to express recombinant
proteins in Pichia pastoris. They are expressed as a fusion to the C terminal peptide
containing the C-myc epitope ° and a polyhistidine (6-His) tag'’. Tt allows methanol
inducible expression of the gene of interest in Pichia pastoris strains including X33,
GS115, SMD1168H, and KM71H. It contains the following elements

e Multiple cloning site'!

e 5 fragment containing the AOX1 promoter'” for regulated, methanol-induced
expression of the gene of interest

e C-terminal peptide containing the c-myc epitope and a polyhistidine (6xHis) tag
for detection and purification of a recombinant fusion protein

TM13

e Zeocin resistance gene

In Fig. 4.2.1 the map of the vector is presented, indicating its main features.

9 C-myc epitope is a sequence of amino acids (Glu-GIn-Lys-Leu-Ile-Ser-Glu-Glu-Asp-Leu) that per-
mits detection of your recombinant fusion protein with the Anti-myc Antibody or Anti-myc-HRP
Antibody.

10A polyhistidine (6-His) tag permits purification of a recombinant fusion protein on metal-chelating
resin.

"' The multiple cloning site allows insertion of the gene into the expression vector.

12A 942 bp fragment containing the AOXI promoter that allows methanol-inducible, high-level
expression of the gene of interest in Pichia.

13Zeocin™ is a member of the bleomycin/phleomycin family of antibiotics isolated from Strepto-
myces. Antibiotics in this family are broad spectrum antibiotics that act as strong anti-bacterial and
anti-tumor drugs. They show strong toxicity against bacteria, fungi (including yeast), plants, and
mammalian cells [35, 30].
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Figure 4.2.1: Map of pPICZaC expression vector
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4.2.3 Modified pGAPZaC Vector

The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) enzyme is constitutively ex-
pressed at high levels in many organisms, including Pichia pastoris. The promoter of the
gene (GAP) encoding the GAPDH protein has recently been characterized and shown
to express recombinant proteins to high levels in Pichia pastoris, depending on the
carbon source used [37]. The level of expression seen with the GAP promoter (pGAP)
can be slightly higher than that obtained with the AOX1 promoter. The pGAPZaC
(3.1 kb) vector which uses the GAP promoter to constitutively express recombinant
proteins in Pichia pastoris. Proteins can be expressed as fusions to a C-terminal pep-
tide containing the myc epitope for detection and a polyhistidine tag for purification
on metal-chelating resin. Selection of these vectors is based on the dominant selectable
marker, Zeocin™, which is bifunctional in both P. pastoris and E. coli.

The vector is slightly modified in this work as the a-factor area has been ommited,
so at the final sequence that is expressed one can find only the native signal peptide. In
LPMOs the histidine found in position 1 (His1) is very important for their action, as it is
one of the aminoacids taking part in the confortation of the active center of the enzyme,
thus, keeping the native signal peptide in tact and cutting of the a factor correctly is of
utmost importance of the enzyme’s activity. It is also noted in the literature that when
expressing LPMOs in Pichia pastoris the « factor is not cut correctly by the protease
Ste B [38, 39].

Its map is presented in Fig. 4.2.2

It contains the following elements

e Multiple cloning site.

e GAP promoter'*

C-terminal peptide containing the c-myc epitope and a polyhistidine (6xHis) tag
for detection and purification of a recombinant fusion protein

Three reading frames to facilitate in-frame cloning with the C-terminal peptide

T™

e Zeocin' ™ resistance gene

4.2.4 Expression of synthetic Gene
Preparation

Now moving on to the expression of the synthetic genes for pGAPZaC' 4 ng of the
gene containing the LPMO sequence with the native signal peptides'® is received. Each

14The GAP promoter allows constitutive, high-level expression in Pichia in the presence of glucose

[37].
15This procedure does not concern the enzymes expressed in pPICZa as they were only produced
for the shake of this work.
16 A signal peptide (sometimes referred to as signal sequence, targeting signal, localization signal,
localization sequence, transit peptide, leader sequence or leader peptide) is a short peptide (usually
16-30 amino acids long) present at the N-terminus of the majority of newly synthesized proteins that

are destined toward the secretory pathway.
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sequence have the recognition areas of the restriction enzymes BSTBI and Xbal at its
ends, so it can be cut off at these points easily with these commercial enzymes.

So after the recombinant gene is received, 500 pLi of ultra pure sterilized water are
added in the center of the plastic carrier containing the gene, and it is left to hydrate
for 1 - 2 minutes. The hydrated gene is pipetted 5-6 times gently and then the plasmid
is kept in the freezer at -20°C until it is further used.

The hydrated cells shall then be multiplied in E. coli top 10 cells, in order to get the
plasmid in a larger quantity. The multiplication happens by transforming competent FE.
coli cells. These E. coli cells have been pretreated to be preamble to macromolecules.

Preparation of E. coli TOP10 competent cells

The prepared E. coli TOP10 cells are rendered susceptible to transformation chemically,
based on the attractive interactions between the bacteria and the recombinant DNA.
The cell membranes are positively charged when exposed to a CaCly solution and then
they are afterwards attracted to the negatively charged phosphate groups of the plasmid,
making it thus easier for the plasmid to enter the bacterial cell. The transformed cells
are then isolated in nutrition medium containing the antibiotic.

In order for the aforementioned procedure to be completed, the following steps shall
be followed.

The E. coli TOP10 cells are firstly cultivated in a solid nutricient medium with
antibiotic. The medium in this case is Luria-Bertani broth (LB) and it includes

e 10 g/L tryptone

e 5 g/L yeast

10 g/L yeast (In case of low salinity LB (LS-LB) the concentration is 5 g/L)
e The pH is adjsuted to 7.4 with the addition of 0.1 M NaOH!'"

25 1L/100 mL Zeocin™

A colony of E. coli TOP10 cells is inoculated in 5 mL of liquid LB medium containing
streptomycin and are then incubated at 37°C while stirred at 180 rpm for about 16 hrs.
This is considered to be a preculture. After the incubation, 1 mL of the preculture is
used as an inoculation for 100 mL of LB, a quantity which is then incubated until the
OD reaches a value between 0.4 and 0.8 (~2 hrs).

The flask containing the culture is then transfered in ice for about 30 min. The
cells are then centrifuged (1500 x g) at 4 °C for 5 min and the cells are resuspended in
12 mL of sterilized cold 0.1 M MgCl, solution.

After that the cells are centrifuged again under the same conditions and are then
resuspended in 4 mL of 1 M CaCl, cold sterilized solution.

The resuspended cells are then stored at 4 °C for 16 hrs increasing their transforma-
tion yield. After the addition of 1.9 mL 50% w/w glycerol solution, aliquots of 0.1 mL
are made and they are then stored in sterilized plastic centrifuge tubes of 2 mL.

"Higher pH and high salts concentration render Zeocin™

a value of 7.4.

inactive, thus the pH is adjusted around
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Transformation of competent cells with heat shock

The resulting competent cells that have been pretreated with MgCly in the previous
stage are used for the transformation of the recombinant plasmids of interest.

One aliquot of E. coli TOP10 cells is taken from the fridge out of the -80 °C where
they are stored and they are left in ice in order to unfreeze.

e 5 uLi of the plasmid are pipetted gently with circular movements in the Topl0
cell aliquot.

e The new mix is left to rest fro 30 min in the ice.
e Then the mix is heated for 1 min 20 s at 42 °C and it is then put back in the ice.

e 0.2 mL of LB liquid is then added to the mix and it is incubated at 30 °C for
1 hr. This is what will be referred to as the transformation mix from now on.

e Then 100-200 uL of the transformation mix are added in Petri Dishes containing
low salt LB medium. In this case the medium also contains 1.5 % w/v agar so as
to solidify and 25 mg/100 mL Zeocin™.

e The Petri dishes are left overnight at 37 °C for about 16 hrs.

e Then 5-7 of the resulting colonies are selected and are added to 5 mL of LS-LB
liquid medium containing Zeocin™ and are incubated for 16 hrs at 37 °C under
stirring at 200 rpm -One colony per 5 mL of LS-LB.

Plasmid Recovery and Clone Analysis

After the incubation, with the use of the Nucleospin Plasma Kit, the high copy plasmid
DNA is isolated from F. coli.

e The culture media from E. coli is centrifuged and the supernatant is disposed.

e Then the cells are resuspended by adding 250 L of the addition of A1 buffer which
contains chelating factors (EDTA), thus entrapping the ions and the RNAses to
ensure that RNA contamination is avoided.

e Then 250 puL of A2 buffer are added. A2 is the lysis buffer, which contains the
surfactants SDS causing holes in the cell membranes and unfolds the DNA helixes.

e The resulting mixture is then mixed by gently inverting the tube containing 6-8
times.'® The mix is the incubated at room temperature for 5 min.

e Then 300 pul of A3 are added and again the mixture is gently inverted upside
down 8 to 10 times. A3 is the neutralization buffer that drops the pH leading the
DNA to fold back again. The plasmidic DNA returns back to normal while the
genomic does not.

BIntense mixing could lead to the shearing of the genomic DNA.
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e The mixture is the centrifuged for 5 min. The supernatant should be clear at this
point.

e Then special tubes with a separation membrane are used. The supernatant is
decanted in this tube. It is centrifuged for 1 min and the flow through is thrown
away.

e 500 pL of washing solution are then added and centrifuged for 2 min and the flow
through is thrown away.

e 400 puL of A4 buffer are then added and centrifuged for 1 min. A4 contains
ethanol, so that macromolecules, contaminants and metabolites are washed away.
Then it is centrifuged again for 1 min.

e Then the flow through is once again thrown away and then what remains is
centrifuged again for 2 min.

e Finally the flow through is again thrown away and 50 uL of AE buffer are added
and then it is centrifuged once again for 1 min. The flow through now is what is
kept. This buffer’s pH is slightly alkalic and entraps plasmidic DNA.

DNA electrophoresis in Agarose Gel

As DNA is uniformly negatively charged, under an electric field applied on an horizontal
agarose gel, the DNA moves towards the positive pole of the electrophoresis apparatus,
at a speed inversely proportional to its size. The gel density as well as the applied
applied voltage are adjusted based on the size of the molecules that shall be separated.'’
Moreover, the shape of the nucleotides has also a role in the applied conditions.?’

In this case, a 1 % w/v gel shall be used. Thus, 0.5 g of agarose are added in 50 mL
of a Tris/Borate/EDTA (TBE) solution. Agarose is dissolved by heating after added
in the TBE solution. It is then left at room temperature until it reaches about 60 °C
and then a few pL of Midori Green are added.?!

A stock solution of 10 times concentrated TBE solution (10x TBE) shall include 54
g/L Tris, 27.5 g/L boric acid, 20 mL/L 0.5 EDTA. It’s pH is adjusted to a value of 8.

The gel is then left to solidify in the electrophoresis apparatus. 50 mL of TBE are
than added in the apparatus and the samples are loaded in the gel.

Plasmid Linerization

Before the transformation of the competent yeast cells, a linearization of the plasmid
shall be done.

The plasmid is digested by taking advantage of the unique identification site of the
pGAP promoter allowing the insertion of the expression cassette to the genome of P.
pastoris.

9The gel density ranges from 0.7 % w/v for big DNA molecules up to 2 % w/v for small ones.
20an uncut plasmid shall run slower a cut one.
2IDNA/RNA stain for in gel or poststaining.
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This way the recombinant plasmid is added to the yeast P. pastoris.

The digestion occurs with the use of the restriction enzyme Binl (or Avril). 5 ul
of sterilized ultrapure water, together with 5 pL of the restriction enzyme, 10 L. of the
commercial enzyme buffer and 80 uL of the plasmid are mixed and are then incubated
at 37 °C for 3 hours. After clean up with the appropriate kit, the linearized plasmid is
ready to be transformed to P. pastoris.

Electroporation Procedure

During the step of electroporation, the conductivity and the preamability of the cell
membrane are increased by imposing an electric pulse. This way a substrate can enter
the cell membrane. During the pulse, for a few instances, pores occur in the cell
membrane (40-120 nm) through which the plasmid can enter the yeast membrane and
then get integrated in its DNA.

Preparationg of Pichia pastoris Wild type X33 yeast cells are incubated in
liquid YPD medium?** for 20 hrs at 30 °C under stirring at 180 rpm.

In this case, 4 Erlenmeyer flasks of 250 mL shall be needed. 1 g of glucose is added
to each flask. Then 200 mL solution including a 1% yeast extract and 2% peptone are
prepared.’® These are sterilized separately at 121 °C for 20 min. Then the solution is
added to the glucose, it is distributed equally to the 4 flasks and when room temperature
is reached, X33 cells are inoculated in the flasks.?* The flasks are left to incubate at
30 °C overnight under stirring at 180 rpm.

When this step is over, 10 mL of the preculture medium are inoculated in the main
culture. For the main culture 2 1 L flasks are needed. 3 g are put inside the flasks.
Now a 600 mL solution including 1% yeast extract and 2% is prepared. They are again
sterilized separately and the solution is equally distributed in the two flasks. When
they reach room temperature, they are inoculated with the aforementioned 10 mL of
the preculture medium and are incubated at 30 °C under stirring at 180 rpm for 3-4 hrs
until its O.D. 600 nm reaches a value between 1.3 and 1.4.

When this feat is achieved, a process of 4 rounds of centrifugation follows (1500 x
g for 5 min at 4 °C for each round.)

e In the first round about 250 mL of the main culture are centrifuged.

e In the second round, the precipitate is resuspended in 250 mL of ice cold sterilized
ultrapure water and the resuspended cells are then centrifuged again.

e In the third round, the precipitate is resuspended in 150 mL of ice cold sterilized
ultrapure water and the resuspended cells are then centrifuged again.

e In the fourth round, the precipitate is resuspended in 12 mL of ice cold sterilized
1 M sorbitol solution®® and the resuspended cells are then centrifuged again.

22YPD (Yeast, peptone, dextrose) contains 1 % yeast, 2 % peptone, 2 % glucose.
ZUltrapure water (Millipore 18.2 M:-cm) is used for the yeast peptone solution
24Tf the temperature is high, the inserted cells shall die and not grow.

25The sorbitol is dissolved in ultrapure water in order to make this solution.
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e Then, the precipitate is resuspended again in 0.6 mL of ice cold sterilized 1 M
sorbitol solution.

Until the transformation procedure begins, the cells are left in the ice.

Electroporation Final Stage

e 80 uL of the final suspension which includes the competent X33 cells are mixed
with 30 puL of the linearized DNA

e The mix is then transfered to the electroporation cuvette and is left there at 4 °C
for 5 min.

e Then with the electroporation apparatus (Bio-Rad MicroPulser Electroporator
(BioRad, Life Science Research)), the pulse is imposed

e Right after that 1 mL of sorbitol is added to the mix which is transferred to a
sterile plastic carrier and is incubated at 30 °C for 1-2 hrs.

e Then the mix is distributed to 3-4 Petri Dishes containing YPDS*® solid medium
with Zeocin™ at a concentration of 100 mg/mL and are left to incubate at 30 °C
for 3-4 days.

4.2.5 Failed Plate Assays

In order to chose which colony shall be further used to produce and purify the enzymes,
a usual practice is to take advantage of established plate assays.

In order to distinguish which clone is the most efficient to chose from the ones that
occurred in the YPDS plates. For LPMOs, there is no established plate assay, thus, an
effort was made to create one. Two methods were tested, and both failed. Nevertheless,
they shall be reported in this work in order to be avoided or modified in the future.?”

Plate assay with a polysaccharidic substrate

A number of colonies depending on the transformation yield are transferred to Petri
dishes with solid nutricient MGY (minimal medium) with 0.5 % PASC. MGY contains
glucose that induces the expression of the LPMO.

The MGY constituents are:

e 1.34% Yeast Nitogen Base (YNB) (For 100 mL 3.4 g YNB w/o ammonium sulfate
with amino acids + 10g g ammonium sulfate are dissolved or 13.4 g YNB with
ammonium sulfate and amino acids)

e 0.005% amino acids (if using YNB without amino acids)

26YPDS (Yeast, peptone, dextrose, sorbitol) contains 1 % yeast, 2 % peptone, 2 % glucose and 1 M
sorbitol.

27Since the plate assays did not work, 8 to 10 colonies were selected, and small cultures were used
in order to screen which colony would have a higher enzyme yield.
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e 0.5% glucose
e 0.5% PASC (phosphoric-acid swollen cellulose)
e 1.5% agar

After 24 hrs of incubation at 30 °C

e 10 mL of Congo Red*® 1% w/v solution are poured onto the dishes and they are
incubated for 15 min

e The Congo Red solution is disposed and 10 mL of 1M NaCl solution are added
for the discoloration

e Incubation for 5 min and the previous step is repeated until visible discolored
rings appear around the colonies. These colonies are supposed to be the ones
that produced an active form of the enzyme.

The X33 wild type was used as a negative strain.

An alternative version of this assay was conducted by injecting some pL of 1 mM
ascorbic acid on each colony letting it dry, before the addition of Congo Red. It is
needless to say, that this test did not give any results.

Plate assay with 2,6-dimethoxyphenol (2,6-DMP)

A number of colonies depending on the transformation yield are transferred to Petri
dishes with solid nutricient MGY (minimal medium) with 2mM 2.6-DMP (DMP is
added added after the sterilization of the other constituents). MGY containes glucose
that induces the expression of the LPMO.

After 24 hrs of incubation at 30 °C in the absence of light, for the detection of
peroxidase activity, a few pul of 1 mM H;0O,. The plates are incubated for some time
in the absence of light at 30 °C, until a difference in the color in the are around the
colony appears.

4.2.6 Enzyme Production

In this section, the methods for the enzyme production for both vectors shall be ana-
lyzed. The procedure is divided in the Agar stock cultures, where the colonies grow in
solid YPD medium - this stage is the same for both vectors - while the stages of the
preculture and the main culture differ.

We shall start with the Agar stock cultures which is common for both expression
systems, and then the section will be separated in two parts, each corresponding to one
vector system.

28Congo Red interacts with polysaccharides containing contiguous 3-(1—4)-linked D-gluco or D-
xylopyranosyl units yielding a vivid red color, leaving unstained the areas that contain cleaved oligosac-
charides released by the activity of cellulases and hemicellulases. Handling of Congo Red must be
conducted with care as Congo Red is carcinogenic due to the presence of aromatic amine groups.
Details of the supplier on the material safety data sheet should be taken into consideration prior to
any experiment.
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Agar stock cultures

In order to initiate the process a Agar stock cultures is needed. For the Agar stock
cultures the medium needed is YPD consisting of 2% agar, 1% yeast, 2% peptone, 2%
glucose (dextrose) and 100 mg/mL Zeocin™.

For two Petri dishes of Agar stock cultures, 50 mL of YPD medium are needed.In
one sterilization bottle 50 mL of deionized water 1 g of agar, 0.5 g of yeast extract and
1 g of peptone are dissolved. Then in a different sterilization bottle, 1 g of of glucose is
added and both carriers are put in an autoclave for 20 min at 121 °C. %

After the sterilization is over, the mix with the agar, the yeast extract and the
peptone is added to the glucose and is stirred until the glucose is dissolved. When the
temperature of the mix goes down, 50 pL of Zeocin™ are added to the mixture and
the final mixture is equally distributed to the 2 petri dishes and they are left to solidify.
After the medium is solidified, it is inoculated with the desired carrier which will grow.

The petri dishes are left for two days at 30°C under ventilation.

All of the above processes are carried out under sterilized conditions.

PGAPZaC as a Pichia pastoris expression vector of a recombinant protein
Preculture Medium

The growth medium in both the preculture and the culture is YPD (1% yeast, 2%
peptone, 2% glucose ).

For a preculture volume of 100 mL 1 g of yeast, 2 g of peptone and 2 g of peptone
are needed. Firstly the yeast is dissolved in deionized water and afterwards the peptone
is added to be dissolves as well. In 2 Erlenmeyer flasks of 250 mL, 1 g of glucose is
added.

The Erlenmeyer flasks with the glucose and the 100 mL mixture of peptone and
yeast are sterilized separately in an autoclave at 121°C for 20 min. Afterwards, 50 mL
of the peptone-yeast mixture are added in each Erlenmeyer flask and they are left to
reach room temperature.”’ After they reach room temperature they are inoculated.
The flasks are then left overnight in incubators at 28 °C and 200 rpm.

Main Culture

For 0.5 L culture of YPD medium the procedure goes as follows. In 450 mL of deionized
water 5 g of yeast and 10 g of peptone are dissolved. In order to reach the final volume
of 0.5 L. 50 mL of 1 M phosphate buffer pH 6 should be added. (The final concentration
of the buffer in the culture will be 100 mM).

10 g of glucose are added in a 2 L Erlenmeyer flasks. The buffer, the peptone-yeast
mixture and the glucose are sterilized separately in an autoclave at 121 °C for 20 min.
Then the constituents are mixed in the Erlenmeyer flask and is left to cool down until

29The glucose is sterilized separately because in case it was dissolved together with the rest of the
constituents, it would be polymerized.

30The flasks are left to reach room temperature because otherwise the cells of the inoculation would
die.
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it reaches room temperature. After that they are a inoculated with the preculture
medium.

For the inoculation a sample from each flask of the preculture is taken and is diluted
1:100. Their optical density is measured at 600 nm. After that, the necessary volume
needed to be added to the main culture is calculated so as the optical density is equal
to 1 at each Erlenmeyer flask of the main culture.®’

The culture is not fed. It is incubated at 30 °C under stirring at 180 rpm for 4-5
days.

pPICZaC as a Pichia pastoris expression vector of a recombinant protein

In the case that pPICZaC is used as an expression vector, there are some differences
in the media of the preculture and the main culture as well as some procedures.

Preculture Medium

The preculture medium (BMGY) consists of 1% yeast, 2% peptone, 100 mM phosphate
buffer pH 6, 1.34% YNB, 4x107° Biotin and 0.5% v/v glycerol.

Culture

The main culture medium (BMMY) consists of 1% yeast, 2% peptone, 100 mM phos-
phate buffer pH 6, 1.34% YNB, 4x10~° Biotin and 0.5% v/v methanol.

For 125 mL of YNB 8.5 g Yeast Nitrogen Base and 25 g Ammonium Sulfate are
needed.

For 1 L culture medium:

e For the BMGY, in 140 mL of diionized water 2 g of yeast and 4 g of peptone are
dissolved. 20 mL phosphate buffer 100 mM ph 6, 20 mL YNB, 400 uL Biotin and
20 mL of glycerol 10% are prepared.

e The same procedure for the preculture is followed when it comes to the optical
density calculations. The difference in this case is that the preculture is cen-
trifuged in sterilized carriers and then the yeast is resuspended in water and then
the main cultures are inoculated.

31For example, if the optical of the diluted sample of one flask corresponding to the preculture is
0.200 abs, then

c1V1 = CQ‘/Q (4.2.1)

where
c1 = ;100 (4.2.2)

Regarding the indexes, 1 refers to the preculture and 2 to the main culture and ¢| to the diluted
sample.

After doing the calculation, V7 corresponds to 15 mL, and considering that the volume does not
change significantly for this application, 15 mL from the preculture are added to the main culture.
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e For the main culture, 10 g of yeast and 20 g of peptone are dissolved in 800 mL
of water. 2 mL of Biotin, 100 mL of YNB, 100 mL phosphate buffer 100 mM ph
6 are also prepared. They are separated into 2 Erlenmeyer flasks of 2 L. 2.5 mL
of methanol are added in each flask. The culture lasts for 4 to 5 days.

4.2.7 Purification

In order to purify the enzyme produced, the main culture containing the enzyme has
to be condensated first.

The culture is centrifuged for 10 min so that the cells are separated from the medium.
Afterwards, the separated medium goes through common filter paper and it then un-
dergoes filtration under vacuum with filters with pores 0.8 and 0.2 pm.

When the filtering is over, the medium is condensed to a volume of about 50 mL
using an Amicon Ultrafiltration system and a 10 kDa membrane.*”

Then, under normal circumstances, the enzyme should be captured by an IMAC -
Talon column. In order for this feat to be achieved, dialysis has to be performed to the
condensed culture medium in a Talon pH 8 solution.

Firstly, 700 mL of Talon pH 8 10x solution are prepared with ultrapure water, of
which the 400 mL are diluted into a final volume of 4 L with deionized water.

The Talon pH 8 10x solution consists of 500 mM Tris, 3 M NaCl, and an adequate
volume of HCI for the pH to be adjusted to a value of 8.

The condensated medium containing the enzyme is enclosed in a dialysis membrane,
which was pretreated by being drenched for about 30 min in water which had boiled.
It is left for at least 7 hours in the diluted Talon buffer.

The next day, after the dialysis is over, the condensated medium goes through a
separation column in order for the enzyme to be isolated from the rest of the medium.
Around 1 L of the diluted Talon buffer (solution A) and 100 mL of the diluted buffer
with 100 mM imidazole (solution B) should be prepared.

e At first, ultrapure water goes through the column.

e Then, solution A goes through the column at a volumetric rate of 2.5 mL/min
so that about 10-20 column volumes (CV) have passed through the column. The
the sample containing the enzyme is loaded at a rate of 1 mL/min to the column.

e After that, the column is washed with solution A until the absorbance reaches zero
after it has peaked.?® This escalation of the absorption is due to the impurities
that weren’t withheld by the column.

e The next step is the loading of solution B at a rate of 2 mL/min so that the enzyme
detaches from the column in order to be collected The flow though collection stops
when the absorption indication reaches zero again.

32This is the rate determining step of the situation which can take up to 7 h for a medium volume
of 1 LL the culture medium and using 2 Amicon systems simultaneously. In the case of a 0.5 L culture
medium and using 2 Amicon systems, the process takes about 4 hours for the enzymes treated in this
work.

33 About 10 column volumes are usually enough.
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e Then solution A goes through the column again at a rate of 2.5 mL/min until 10
column volumes have passed through it.

Then 5 L of Tris-HC1 pH 8 20 mM are prepared in order to put the enzyme for dialysis
again overnight.

In case of FoLPMO9 wich could not be isolated by IMAC, ion exchange column
is needed, a Q-sepharose column is used instead and the procedures differs as follows:
the first dialysis occurs in Tris-HCI pH 8 20 mM and the flow though after the sample
loading is collected instead. Then the TrisHCl pH 8 20 mM with 100 mM NaCl is
used to clean up the column. The protein in this case is not thoroughly purified and
no second dialysis is needed to be performed. For more details one shall refer to the
Appendix B.

4.2.8 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophore-
sis, SDS-PAGE

The main purpose of this stage of the procedure is so as to ascertain the existence of
proteins in a sample, the purity of a protein after the purification step as well as to
estimate relative molecular mass of a protein.

In this method in order to separate protein molecules a polyacrylamide gel is used,
which is chemically inactive so as not to interact with the proteins. The polymerism
of the acrylamide is achieved with the use of Ammonium Persulfate (APS) and the
initiator Tetramethylethylenediamine (TEMED).

The movement of the proteins inside the gel during the electrophoresis is achieved
through 2 gels one on top of the other. The first one is the stacking gel on which the
samples are loaded. Due to its lower concentration in polyacrylamide, bigger pores
occur, allowing the protein molecules, regardless of their size, to get aligned so that
they can all move forward to the next gel (resolving gel). In the resolving gel, the
separation depending on the molecular weight is achieved.

The electrophoresis apparatus is the Mini-Protean3 from Biorad.

The stacking gel consists of 3.0 mL ultrapure water, 3.75 mL 0.25M Tris/SDS 0.2%
(pH 6.8), 0.75 mL 40% bis —acrylamide (30:1), 20 uL. TEMED and 60 puL 10% APS
(w/v).

The resolving gel consists of 3.5 mL ultrapure water, 9.4 mL 0.25M Tris/SDS 0.2%
(pH 6,8), 5.8 mL 40% bis —acrylamide (30:1), 30 uL. TEMED and 90 ul. 10% APS
(w/v).

The experimental procedure followed is described below

e The constituents of the resolving gel are mixed and then the resulting mix is
poured between two glass plates. It is left to solidify for about 30 min

e The constituents of the stacking gel are then mixed and the resulting mix is
poured between the glass plates on top of the resolving gel. Then a special comb
is placed in order to form the loading slots. It is then left to solidify for about
30 min.
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e The glass plates are then placed in the electrophoresis apparatus, which is then
filled with SDS running buffer 1X.

e The comb is removed and the samples are loaded.**

e Together with the samples, the corresponding SDS-Page ladder is used so that
the molecular weight of the proteins can be determined.

e the applied current is about 35 mA per gel and in order to get the separation and
the gel is left to run for as long as it takes.

4.2.9 Isoelectric focusing - Polyacrylamide gel electrophoresis,
IEF-PAGE

Isoelectric focusing - Polyacrylamide gel electrophoresis, (IEF-PAGE) is a protein sep-
aration method based on their isoelectric point (pI). The gels used in this method are
manufactured in such a way that when electric field is applied each protein will move
to its isoelectric point. The electrophoresis apparatus used was from Phastsystem.
The gels used were already manufactured and covered a pH range from 3 to 9. The
isoelectric point ladder used had a pH range from 3.5 to 9.3.

After the electrophoresis was over, the gel was placed in a 20 % tetrachloroacetic
acid solution for 5 min and then it was placed for 2 min in the destaining solution.
Then, the protein staining was done with Coomassie Brilliant Blue G-250. The gel was
placed in the staining solution Coomassie Brilliant Blue G-250 fro 1 hr and then in the
destaining solution for 20 min.

4.3  Preliminary Analysis

Regarding the mechanistic study of LPMOs , aspects of the first step of the reaction
where the enzyme is reduced by an electron donor, shall be examined extensively in the
next chapter. The study of LPMOs in the present chapter shall focus more on their
interaction with their substrate and more specifically with PASC.

Since the polyssacharidic substrates that interact with the LPMOs are not electro-
chemically active on an electrode surface in the operating conditions of LPMOs, these
enzymes cannot be studied through mediated electron transfer. Thus, the approach
chosen was to immobilize the LPMOs and attempt direct electron transfer, which is
always a challenge when it comes to redox enzymes due to the distance between the
enzymes’ active center and the electrode surface. However, in the case of the LPMOs
the active site lies on their surface. Thus, direct electron transfer concerning this class
of enzymes while immobilized on an electrode surface is more promising than when us-
ing other enzymes such as peroxidases which have their active site buried within their

34The samples need to be prepared beforehand. 20 pL of the enzyme together with 5 uL of the
loading buffer are boiled for 5-7 min. The loading buffer contains the SDS surfactant that breaks the
disulfidic bridges and the proteins shall seem like a monomer molecule. Moreover the proteins are
charged negatively.
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structure. Thus, in this section a first attempt is made to immobilize LPMOs on a
glassy carbon electrode with the use of Nafion™ in order to examine the feasibility of
direct electron transfer. Then another matrix is used for a more stable immobilization
so as to further study the enzymes and their interactions with their substrates.

So in order to study these enzymes with electrochemical methods, a first step is
to use a simple immobilization method to examine if it is feasible to observe electron
transfer between the LPMOs and the electrode.

The enzymes used in the preliminary experiments are MtLPMO9H and FoLPMO9
expressed in pPICZaC. The electrode used was a common glassy carbon electrode
and the immobilization matrix was Nafion™ perfluorinated resin solution used in the
experiments concentration was 5 wt% in lower aliphatic alcohols and water (Aldrich).

A single compartment 3 electrode cell was used consisting of a disk glassy carbon
electrode (GC) with a surface of 0.785 mm? as working electrode, a 1.6 mm diameter
Pt coated titanium rod as a counter electrode, and an Ag|AgCl, KCI sat. reference
electrode (+0.197 V vs NHE). The aqueous solution of about 3 mL consisted either of
1 M NapSOy (98 %, Merk) as supporting electrolyte or 100 mM tartrate buffer (pH 5)
(PENTA).

Voltammetric measurements were performed by a PAR 263A Potentiostat connected
to an AFG 5101 Tektronix programmable arbitrary function generator. All solutions
were deaerated for at least 10 min before the experiments in order to avoid oxygen
reduction on the electrode surface or even possible catalytic currents in the case that the
mechanism for the action of the LPMOs that ultimately holds is that of oxygen reacting
with the enzymes. Nitrogen gas was also purged over the solution during measurement.
The temperature of the cell was kept at a specific value during measurement with the
use of a thermostated bath (FALC WB-MD5). The temperature of the cell was recorded
during the measurement, in order to assure that it remained constant. The analysis of
the data from the FTacV experiments was performed by a program developed in our
lab.

The glassy carbon electrode was polished on a cloth with successive use of a 0.3 ym
and 0.05 pm Al,O3. The electrode was then washed with distilled water and subse-
quently sonicated in distilled water for 5 min. After the sonication, the electrode was
again washed with distilled water. An enzyme volume of 1 ul. was left on the surface
of the glassy carbon electrode to dry for about 15 min at room temperature. The pro-
cedure was repeated once more in order to increase the enzyme surface concentration
on the electrode. Subsequently, 1 uL of Nafion™ was left to dry above the deposited
enzyme in order to complete the immobilization.

4.3.1 Cyclic Voltammetry

A first approach to ascertain electron transfer between the LPMOs and the electrode
surface is by using common cyclic voltammetry. A commonly used supporting elec-
trolyte is NapSO4 1 M with a pH value of 7. The cyclic voltammetry experiments of
FoLLPMQ9 are pictured in Fig. 4.3.1. By taking a quick look at this figure without
focusing on the details it is rather clear that the capacitance is the dominant feature in
both subfigures. More specifically, the cyclic voltammograms of a Nafion™-FoLPMO9
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modified glassy carbon electrode versus a Nafion™ only modified glassy carbon elec-
trode are depicted in Fig. 4.3.1(a). Cyclic voltammetry was conducted in 1 M NaySOy
at 20 °C between 600 mV and -600 mV, with 600 mV being the initial potential. By
comparing the voltammogram of a Nafion™ only modified electrode with that of the
FoLPMO9-Nafion™ electrode, one oxidative broad peak is observed near 180 mV and
a reductive one at -50 mV. The problem which arises from these peaks is that they are
not intense enough to perform an analysis and their separation is about 230 mV possibly
indicating a non-reversible electron transfer. In Fig. 4.3.1(b), some voltammograms of
the FoLPMO9-Nafion™ electrode, under the aforementioned conditions and different
scan rates, are depicted. It is evident that for high scan rates the electrode capacitance
deforms the cyclic voltammogram, making it hard to analyze, whereas for lower scan
rates, the reduction peak becomes even less intense. Thus, it was rendered necessary to
use another technique in order to study and prove the LPMOs’ direct electron transfer.

(a)
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(b) T T T T T T T T T T T T T
50 -
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E /'V vs Ag|AgCl, KCl sat.

Figure 4.3.1: (a) Cyclic voltammograms of GC-Nafion™ electrode (red curve) and
FoLLPMO9 immobilized on a GC electrode with the use of Nafion™ (black curve) at
100 mV/s in 1 M NaySO, deaerated solution at 20 °C. (b) Cyclic voltammograms of
FoLLPMO9 immobilized on a GC electrode with the use of Nafion™ at different scan
rates in 1 M NasSO, deaerated solution at 20 °C.
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4.3.2 FTacV

The next step was to use FTacV to examine FoLPMOQO9, so as to eliminate capacitance
currents. A perturbation amplitude Ay of 330 mV and a frequency f of 9 Hz are
employed in order to get an intense signal. In Fig. 4.3.2(a) and (b), the third and fifth
harmonics are presented, respectively. The scan is performed between 700 and -500 mV
vs Ag|AgCl with initial potential 700 mV at a scan rate v of 50 mV /s. One can observe
well defined peaks for both harmonics. In the third harmonic the capacitance is not yet
eliminated and the response is affected whereas, in the fifth harmonic the capacitance
component is diminished. In Fig. 4.3.2(a) and (b), the blank voltammograms refer
to Nafion™ only modified glassy carbon electrode. As can seen, they do not present
any systematic pattern or well-defined peaks corresponding to electractive species that
reminiscence the standard voltammograms derived from an analysis of FTacV data.
In the present work, as a matter of convenience, the odd harmonics are presented, as
they exhibit maxima where the redox potentials appear, whereas even harmonic exhibit
minima.

The above results indicate that direct electron transfer as well as the determination
of E”*° seems to be possible for LPMOs immobilized on a GC electrode with the
Nafion™ polyelectrolyte. For the initial experiments NaySO, was used as a supporting
electrolyte at a concentration of 1 M. Since LPMOs are studied biochemically in buffered
solutions of certain pH, the next experiments shall be conducted in a tartrate buffer
solution. The analysis will be performed in the next section for a pH value of 5 using
tartrate buffer.

Now, since the biochemical experiments for LPMOs from the fungi 7. thermophila
and F. oxysporum are conducted in slightly acidic pH, a value of pH 5 was chosen in
order to conduct a more elaborate study. Other pH values were not examined as these
are only preliminary experiments that concern the feasibility of direct electron transfer.
On the other hand the temperature was a factor taken into consideration in order to
see the behaviour of an immobilized enzyme closer to its operational conditions.

The temperature range examined for FoLPMO9 is between 23 and 47 °C, since F.
oxysporum is a mesophilic fungus. In Fig. 4.3.3, the fifth harmonic from the FTacV
analysis is presented for the FoLPMO9 at v = 50 mV /s, A = 330 mV, f = 9 Hz in
deaerated 100 mM tartrate buffer pH 6, at 23, 29, 39 and 47 °C.

The corrected values for the reductive, oxidative and formal potential are presented
in Table 4.3. These values have been obtained by taking into account the temperature
coefficient -1.01 mV /°C of the Ag|AgCl, KCI sat. reference electrode , assuming to be
constant for all temperatures studied. The difference between F,, and FE,.q for lower
temperatures is about 10 mV whereas for 47 °C it is about 5 mV. The mean value of
the oxidation and the reduction peaks is calculated and is then regarded as the formal
standard potential of the enzyme at each temperature.

The same procedure was followed for MtLPMO9H with the difference being the tem-
perature range examined, since it originates from a thermophilic fungus. In Fig. 4.3.4,
the 5th harmonic is depicted for various temperatures.

35Regarding the experimental results the term formal potential shall be used, instead that of the
standard potential, as the relative activities differ from unity.
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Figure 4.3.2: (a) FTacV 3rd harmonic and (b) FTacV 5th harmonic of FoLPMO9
immobilized on a GC electrode with the use of Nafion™ (red curve) and a GC electrode
covered solely with Nafion™ (black curve) for v = 50 mV /s, Ag = 330 mV and f = 9 Hz
in deaerated 1 M NaySO, solution at 20 °C

Table 4.3: Reduction, oxidation and apparent formal potentials for FoLPMO9 immobi-
lized on a GC electrode with the use of Nafion™ for a v = 50 mV /s and Ay = 330 mV
in deaerated 100 mM tartrate buffer pH 5. Potential values are versus Ag|AgCl, KCI

sat.

T(°C)

Eox (mV)

Ered (mV)

£, (mV)

23+ 1.0
271+ 1.0
29 £1.0
33 £ 1.0
39 £ 1.0
42 £ 1.0
47 £ 1.0

79.7 £ 0.8
84.3 £6.9
84.7 £ 1.0
86.0 = 5.6
88.9 £ 1.0
90.5 £ 1.7
88.0 £ 2.1

69.1 £ 0.8
71.6 £ 1.0
747 £ 1.0
76.7 £ 1.0
80.9 £ 1.0
81.9 £ 1.0
82.7 £ 2.1

744 £09
779 £ 3.8
79.7 £ 0.9
81.3 £ 2.9
84.9 £ 0.6
86.2 £ 1.4
85.3 £ 1.1
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Figure 4.3.3: FTacV 5th Harmonic of FoLPMQO9 immobilized on a GC electrode with
the use of Nafion™ for v = 50 mV/s, 4y = 330 mV, f = 9 Hz in deaerated 100 mM
tartrate buffer pH 6 at different temperatures. 7' = 23 (black), 29 (red), 39 (blue) and
47 °C (green).
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Figure 4.3.4: FTacV 5th Harmonic of MtLPMO9H immobilized on a GC electrode with
the use of Nafion™ for v = 50 mV /s, A = 330 mV and f = 9 Hz in deaerated 100 mM
tartrate buffer pH 6 at different temperatures. 7' = 30 (black), 37 (red), 44 (blue), 50
(green) and 57 °C (magenta).
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Table 4.4: Reduction, oxidation and apparent formal potentials for Mt{LPMO9H im-
mobilized on a GC electrode with the use of Nafion™ for v = 50 mV /s, Ay = 330 mV
in deaerated 100 mM tartrate buffer pH 6. Potentials are versus Ag|AgCl, KCI sat.

T(°C) Eieq (mV) Eo (mV) | EY (mV)
30£1.0] 1154 £ 08 | 1341 £ 1.5 | 124.7£ 0.9
37 £ 1.0 1127 £ 2.7 | 126.3 £ 2.3 | 119.5£ 1.8
44 £10| 1163 £1.9 | 1259 £2.4 | 121.1£ 1.5
50 £1.0 | 122.0 £ 14.1 | 1172 £ 0.3 | 119.6£ 7.1
o7 £1.0 | 1129 £ 16 | 118.6 £2.0 | 115.8£ 1.3

The corrected potentials regarding the temperature, corresponding to MtLPMO9
are presented in Table 4.4.

The potentials reported up to this point are affected by the polyelectrolyte the
enzymes are entrapped inside. The paramaters that affect the potential values are
the pH and the concentration of the buffer solution and the Nafion™ concentration
used. However, the value of interest is that of a free enzyme. Thus, in order to get a
better approximation of the formal potential EY of the MtLPMO9H and FoLPMO9
the following expression shall be used.

RT . ¢ RT
EY =FY4+ " 1In—= —2303——pH
app * nF p nFv

(4.3.1)

where ¢; and ¢, are the concentrations of the supporting electrolyte cations in the
solution and the polyelectrolyte respectively. The concentration c, is essentially con-
stant and in this case can be considered equal to [SO3|,, which is the concentration of
the sulfonate groups inside the polyelectrollyte. ESI’)p refers to the EY value which is
affected by the immobilization matrix.

Taking into account an average molecular weight for the Nafion™ polyeletrolyte to
be 5 x 10° g mol™!, and its concentration at 5% w/v, its molecular concentration is
estimated at 1 x 10~* M, which can be treated as equal to [SO3], and thus equal to c,.
The supporting electrolyte which was used in the case of FoLPMO9 and MtLPMO9H
was 0.1 M and the pH value was 5. Consequently the corrected E” values are presented
in Tables 4.5 and 4.6 respectively.

4.4 Alternate Immobilization methdod

4.4.1 MtLPMO9H

After the ascertainment of the feasibility of direct electron transfer of LPMOs with an
electrode surface, a more stable immobilization matrix was desired in this work. Thus,
an attempt was made to exploit the His-Tag incorporated in the LPMO structure taking
advantage of its affinity to metal ions such as nickel and cobalt.

In order to manufacture this matrix, 1 g of commercial functionalized Multi-wall
Carbon Nanotubes (MWCNTs) (HONGWUNEMATERIAL, item No: C933-MC, China)
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Table 4.5: Corrected formal potentials for FoLPMO9 immobilized on a GC electrode
with the use of Nafion™ for v = 50 mV /s, Ay = 330 mV in deaerated 100 mM tartrate
buffer pH 5. Potentials are versus Ag|AgCl, KCI sat.

T(C) | EY (mV)
23 +£1.0|191.2 £0.9
27+ 1.0 | 197.1 £ 3.8
29+ 1.0 | 199.7 £ 0.9
33+ 1.0 2028 £2.9
39 +£ 1.0 2089 £ 0.6
42 +1.0 (2113 £ 14
47+ 1.0 | 2122 £ 1.1

Table 4.6: Corrected formal potentials for MtLPMO9H immobilized on a GC electrode
with the use of Nafion™ for v = 50 mV/s, Ay = 330 mV in deaerated 100 mM tartrate
buffer pH 5. Potentials are versus Ag|AgCl, KCI sat.

T(°C) | E” (mV)
30 £ 1.0 245.1£ 0.9
37+ 1.0 2423+ 1.8
44 + 1.0 | 247.0+£ 1.5
50 & 1.0 | 247.9+ 7.1
57 £ 1.0 | 246.8+ 1.3

were added in a 150 ml solution with 20 % mol acetic acid. The solution was stirred for
20 min at 120 °C for further functionalization. The solution was left to dry overnight at
90 °C until dry powder was collected. The powder was centrifuged 5 times with deion-
ized water until the supernatant had a pH value of ~7.0. This step ensured the removal
of acetic acid excess. The dry functionalized commercial MWCNTs (FMWCNT) were
left to dry at 90 °C. Subsequently, the -MWCNTs were mixed with 150 ml deionized
water and 0.4227 mg of (CH3COO),Co-4H,O (MERCK) leading to a 10 % Co and solu-
tion that was then subjected to sonication at a low-frequency (20 kHz)using a Hielscher
(UIP500hd) sonicator (probe tip diameter of 22 mm) for 1h. The solution was further
left to dry and centrifuged (as described above) for the collection of the final product.
The Cobalt functionalized MWCNTSs (Co-f-MWCNTS) were stored in a desiccator at
room temperature.

In order to test the matrix, 0.005 g were dissolved in 100 pL of Nafion™ perfluori-
nated resin solution. Its concentration was 5 wt% in lower aliphatic alcohols and water.
The mixture was sonicated for about 15 min. 2 pL of the matrix were taken and diluted
with 8 uL of Tris HCl pH 8, 20 mM. 2 pL of this mix were taken and left to dry at room
temperature, on the electrode surface of a disk GC electrode (3 mm diameter). The
modified electrode was tested at a scan rate of 100 mV/s in a 3 electrode compartment
cell with acetate buffer, pH 6 500 mM as a supporting electrolyte.

The cyclic voltammograms were recorder under different potential windows. By
taking a close look at Fig. 4.4.1, when using a potential window ranging from 800 to
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Figure 4.4.1: Cyclic voltammograms of the Co-f-MWCNTs modified electrode in an
acetate buffer pH 6, 500 mM at 100 mV /s for different scan limits. 0.8 to -0 V (black),
0.6 to -0 V (red) and 0.8 to -0.4 V (blue)

0 mV vs Ag|AgCl, KCI sat., at room temperature, no apparent peaks appear. Thus,
this region can be regarded as safe to work with this electrode. When scanning more
cathodically, a pair of faint, wide and irreversible peaks appear somewhere between 0
and 200 mV, and the capacitance increases as well. Thus, a safe region to work with
the Co--MWCNTSs modified electrode, without the interference of other peaks at a pH
of 6, is between 800 to 0 mV vs Ag|AgCl, KCl sat. For higher potentials, an increase
of the current is observed. The solution was deaeriated during the experiment.

Then, 2 puL of Co-f-MWCNT's were taken and were mixed with 8 pL of M(LMPO9H
of concentration 5.5 mg/mL in Tris HCI pH 8, 20 mM. 2 ul of this mix was left to
dry on the GC electrode surface. The resulting cyclic voltammogram of the modified
with the enzyme electrode is presented in Fig. 4.4.2. By taking a close look at the
voltammogram one can observe a set of two redox peak. One cathodic at 0.210 V and
one anodic at 0.253 V. Thus, the peak separation is estimated at 43 mV which could be
considered close to reversibility for an immobilized species. Moreover, the signal is still
governed by capacitance, making it difficult to work with it in a cyclic voltammetry
experiment. This capacitance can also be responsible for the peak separation and the
deformation of the voltammogram.

The next experiment to be conducted was FTacV, in order to get a pure Faradaic sig-
nal deprived of capacitance. FTacV was performed on the Co--MWCNTs MtLPMO9H
mix on a glassy carbon electrode for Ay = 250 mV, f = 1 Hz and v = 5 mV s~ ! over
a course of 20 cycles at 25 °C in a pH 6 0.5 M acetate buffer. The 5th harmonic from
this experiment for the first and the 20th cycle is presented in Fig. 4.4.3. In this figure
one can observe a typical 5th harmonic corresponding to a quasi reversible reaction.

Thus, from this experiment it can be concluded that with this matrix indeed a pure
Faradaic signal can be obtained with this immobilization without the use of extreme
perturbation amplitudes or frequencies. Moreover, a rather satisfactory stability was
achieved at a relatively low scan rate, as 20 cycles could be obtained without any
significant change at 25 °C. The stability at higher temperatures shall be examined
later in this work.



Chapter 4. Description and electrochemical study of lytic polysaccharide monooxygenases
(LPMOs) 199

0 0,1 0,2 0,3 0,4 0,5
E/V vs Ag|AgCl KCl sat

Figure 4.4.2: Cyclic voltammograms of Co-f-MWCNTs M{LPMO9H mix on a glassy
carbon electrode in a 0.5 M acetate buffer at 50 mV /s at 25 °C
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Figure 4.4.3: 5th harmonic of Co--MWCNTs M¢tLPMO9H mix on a glassy carbon
electrode in a 0.5 M acetate buffer for Ay =250 mV, f =1 Hz and v = 5 mV s~!. The
black curve corresponds to the 1st cylce while the red to the 20th.



200 4.4. Alternate Immobilization methdod

Continuing the electrochemical study of MtLPMOO9H, FTacV was performed for
different frequencies at Ay = 250 mV in order to apply the methodology introduced
in Sec. 3.1.3 and extract the standard electron transfer kinetic constant £°. In Fig.
4.4.4(a) the anodic scan of the immobilized MtLPMO9H for frequency values of 5, 2,
1, 0.5, 0.2 and 0.1 Hz at room temperature are presented. For the higher frequencies
employed, a typical 5th harmonic of a quasi-reversible system is depicted and as the
frequency decreases the signal reflects more and more that of a reversible one. From the
dominant peak of the 5th harmonic the apparent formal potential Eg;p can be estimated
at 232 mV vs Ag|AgCl, KCl sat, a value very similar to the one of the formal potential
estimated in Table 4.6.%0

Going back to Fig. 4.4.4, where the normalized with the frequency anodic scan
of the 5th harmonic of the immobilized MtLPMOO9H is presented, by employing the
methodology introduced in Sec.3.1.3, one can conclude that by a frequency value of
0.1 Hz reversibility is achieved as no further increase for the dominant peak is observed.
A slight increase is observed for the more anodic part of the harmonic, but this is
probably due to the background of the matrix itself. Nevertheless, the dominant peak
is not considered to be affected and the analysis is considered independent.

he same analysis is performed for the 4th harmonic in Fig. 4.4.5(a). Again as in
the case of the 5th harmonic, in the higher frequencies a typical quasi reversible system
is observed. The normalized 4th harmonics are presented in Fig. 4.4.5(b). For the
lower frequencies employed in this harmonic, the two dominant peaks are symmetrical,
reminding even more the behavior of a reversible reaction. The interference observed
in the 5th harmonic around 0.4 V is almost not noticed in this case as the main part
of the dominant peak starts at more cathodic potentials, having a more clear picture
of the pure Faradaic signal of the immobilized enzyme in this case.

Back to the extraction of k° for MtLPMO9H the ration of the normalized current
peak for 5 Hz to the normalized peak of the reversible peak for 0.1 Hz shall be used. For
the complete methodology to be used, experiments should have been conducted at very
high frequencies to render the system irreversible and extract the transfer coefficient a.
However, at very high frequencies, there were interferences due to the non linearity of
the capacitance, making impossible to extract the transfer coefficient value.

Consequently, the working curves that shall be used will be the ones assuming a
transfer coefficient 0.5. The deviation of the value shall not be of great importance as
looking at the quasi reversible harmonics at higher frequencies the deformation that
appears is not such that would indicate a transfer coefficient beyond the range of 0.4-
0.6. Thus, using the working curves presented in Fig. 4.4.6 for the 4th and the 5th
harmonic, the resulting value is ¥° = 2.86 4+ 0.1 s7*.

Moving on, the interaction of MtLPMO9H with PASC is to be examined, taking into
account the scenario which implicates that the substrate binds to the enzyme before

36Taking into consideration the correction introduced earlier when Nafion™ is implicated in the
immobilization of an electroactive species, the formal potential should be estimated at 290 mV. How-
ever, this correction concerns a species entrapped in a Nafion™ matrix, while in this case the enzyme
is immobilized on the electrode surface through a Co-f-MWCNTSs matrix and Nafion™ is solely a
supporting medium which helps with the stabilization of the matrix on the electrode surface. Thus
the expression for the formal potential correction shall not be applied here.
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E/ V vs Ag|AgCl KCl sat
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Figure 4.4.4: (a) 5th harmonic (b) normalized 5th harmonic of Co-f-MWCNTSs
MtLPMO9H mix on a glassy carbon electrode in a 0.5 M acetate buffer for Ay = 250 mV
and f =5 (black), 2 (red), 1 (blue), 0.5 (green), 0.2 (orange) and 0.1 Hz (magenta).
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Figure 4.4.5: (a) 4th harmonic (b) normalized 4th harmonic of Co-f-MWCNTSs
MtLPMO9H mix on a glassy carbon electrode in a 0.5 M acetate buffer for Ay = 250 mV
and f =5 (black), 2 (red), 1 (blue), 0.5 (green), 0.2 (orange) and 0.1 Hz (magenta).
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Figure 4.4.6: Working curves for 4th, 5th and 6th harmonic for a = 0.5.
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the Oy and/or HyOq does. For the interpretation of the results the EC mechanism for
immobilized species introduced in Sec. 3.4 shall be exploited.

As a first the stability of M{LPMO9H while immobilized on the glassy carbon
electrode was affirmed, so that to assure any decrease observed during the experimental
process would be attributed solely to the reaction of the immobilized enzyme with the
free in the solution species.

In Fig. 4.4.7(a) and (b) multiple cycles of the third and the fifth harmonic respec-
tively of MtLPMO9H while immobilized on the glassy carbon electrode at 30 °C are
presented. The potential is scanned cathodically from 0.5 to 0 V and then back again
to 0.5 V. The scan rate employed was 10 mV s~! and the perturbation amplitude and
frequency were 5 Hz and 250 mV respectively. As one can observe from these figures,
the LPMO was stable and no degradation was observed for 6 cycles. After that a slight
decrease in the signal started appearing, so it was decided that at this temperature
under these scanning conditions the limit would be 6 cycles when performing the ex-
periment in the presence of PASC. Moreover one could observe in Fig. 4.4.7(a) that the
capacitance is still present in the signal and not yet completely eliminated, where as in
Fig. 4.4.7(b) one could claim that in the 5th harmonic the capacitance current presence
is negligible. The reason why by the 3rd harmonic capacitance is not fully eliminated
is due to the non linearity of the the capacitance in the scanning limits tested, thus
leading to the need of higher harmonics for its elimination. Moreover from the shape
of the voltammograms one can claim that the electrochemical kinetics under these ex-
perimental conditions fall into the quasi-reversible region 25 °C. Thus the theory for
the EC mechanism which was developed in the in Sec. 3.4 shall be valid.

The next step in this work was to add PASC in the solution so that and examine
the decrease of the electrochemical signal. In Fig. 4.4.8(a) and (b) the 3rd and the
5th harmonic are presented respectively in the presence of 0.04 g/L PASC for multiple
cycles under the same experimental conditions as in the previous experiment. One can
observe that in both harmonics as the cycles go by there is an observable decrease in
the peaks. However, in the case of the 3rd harmonic the decrease seems to be less
prominent. This is also reflected in Fig. 4.4.8(c) where the anodic oxidation peak is
plotted against time for the harmonics. The resulting slope for the third harmonic is
-0.000375 while for the 5th is -0.000623 indicating a probable underestimation in the
slope in the case of the 3rd harmonic. This could be probably attributed to the fact that
the capacitance is yet to be fully eliminated by the 3rd harmonic and has a negative
effect on the magnitude of the slope.

In order to investigate this matter further the fourth harmonic was also investigated.
In Fig 4.4.9(a) the fourth harmonic resulting from the analysis of the same experiment
can be found. The decrease of both the anodic dominant peaks shall be examined in
this case. Then, in Fig 4.4.9(b) the linear dependencies of these two peaks are plotted
against the time. The resulting slopes -0.000647 and -0.000583 which are closer to
the the values found for the 5th harmonic, reinforcing the argument that the value of
the slope in the third harmonic is underestimated due to the presence of capacitance
currents.

From this analysis of the 4th and 5th harmonic for the 30 °C the resulting k& value
is 0.031 £ 0.0003 s~!. The same process shall be followed now for higher temperatures
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Table 4.7: Kinetic constant k of PASC binding to MtLPMO9H for different tempera-
tures.

TEC)| k(Lg's™)
30 0.00061 4= 0.00005
35 0.00823 £ 0.0016
40 0.00867 £+ 0.0005
45 0.0129 £ 0.002
50 0.0153 4 0.003

as the MtLPMO9H has an optimum operation temperature at 50 °C.

One problem that was encountered at higher temperatures was the instability of
the immobilized enzyme when a slow scan rate was employed and not more than 5
stable cycles could be obtained. So, for higher temperatures higher scan artes were
used and more specifically 50 mV s™! for 35 and 40 °C and 75 mV s~! for 45 and
50 °C. The blank 5th harmonics of each temperature are presented in Fig. 4.4.10,
where no significan change is observed for cycles 1 through 8 for all the temperatures
under the chosen experimental conditions. Only small fluctuations within the expected
experimental error range are visible.

After that, under the respective scan rate conditions, with the rest remaining the
same, PASC was added in order to examine the decrease of the anodic oxidation peak
for the 4th and the 5th harmonic. Indicatively, the results for the 45 °C experiments are
presented in Fig 4.4.11. The 4th and the 5th harmonics are depicted in Fig 4.4.11(a)
and (b) respectively where the decrease of anodic peak is rather evident even in such
smaller time intervals in comparison to the ones depicted for the 30 °C, as in the former
case the scan rate was 10 mV s~! whereas now it 75 mV s~!. The dependecies of the
anodic peaks against the time are presented in Fig. 4.4.11(c).

Following the same procedure for all the temperatures, the extracted kinetic con-
stants are presented in Table 4.4.1, where an increasing trend is observes as the tem-
perature goes up.

An attempt for an Arrhenius type plot was then made in Fig. 4.4.12 where indeed
a linear dependence is observed when the Napierian logarithm of the kinetic constant
(Ink) is plotted against the inverse temperature (7°). From the slope the activation
energy can be estimated at 37 kJ/mol.
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Figure 4.4.7: (a) 3rd and (b) 5th harmonic of Co-f-MWCNTs M¢LPMO9H mix on a
glassy carbon electrode in an acetate buffer 500 mM pH 6, 500 mM at v = 10 mV s7!,
f =5 Hz and Ay = 250 mV at 30 °C. Cycles: 1st (black), 2nd (red), 3rd (blue), 4th
(green), 5th (magenta) and 6th (orange)
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Figure 4.4.8: (a) 3rd and (b) 5th harmonic of Co-f-MWCNTs M¢LPMO9H mix on a
glassy carbon electrode in an acetate buffer 500 mM pH 6, 500 mM at v = 10 mV
s7t f =5 Hz and Ay = 250 mV in the presence of 0.04 g/L. PASC at 30 °C. Cycles:
Ist (black), 2nd (red), 3rd (blue), 4th (green), 5th (magenta) and 6th (orange) (c)
Denendence of the Napierian logarithm of the oxidation peak (Inf, 1) against time (t)
for 3rd (black circles) and 5th (red squares) harmonic.
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Figure 4.4.9: (a) 4th harmonic of Co-f-MWCNTs M¢tLPMO9H mix on a glassy carbon
electrode in an acetate buffer 500 mM pH 6, 500 mM at v = 10 mV s7!, f = 5 Hz
and Ay = 250 mV in the presence of 0.04 g/L PASC at 30 °C. Cycles: 1st (black), 2nd
(red), 3rd (blue), 4th (green), 5th (magenta) and 6th (orange) (b) Denendence of the
Napierian logarithm of the oxidation peak i (black circles) and ii (red squares) (Inf )
against time (¢).
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Figure 4.4.10: 5th harmonic of Co-f-MWCNTs MtLPMO9H mix on a glassy carbon
electrode in an acetate buffer 500 mM pH 6, 500 mM at f =5 Hz and Ay = 250 mV
at (a) 35, (b) 40, (c) 45 and (b) at 50 °C for cycles 1 through 8. The scan rate v for 35

and 40 °C is 50 mV s~! while for 45 and 50 °C is 75 mV s~ !.
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Figure 4.4.11: (a) 4th and (b) 5th harmonic of Co-f-MWCNTs M¢LPMO9H mix on a
glassy carbon electrode in an acetate buffer 500 mM pH 6, 500 mM at v = 75 mV s~ !,
f =5 Hz and Ay = 250 mV at 45 °C in the presence of 0.2 g/L. PASC. Cycles: 1st
(black), 2nd (red), 3rd (blue), 4th (green), 5th (magenta), 6th (orange) and 7th (cyan).
c¢) Denendence of the Napierian logarithm of the oxidation peak (Inf, ) against time
t) for the 4th (red circles) and 5th harmonic (black squares).
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Figure 4.4.12: Napierian logarithm of the kinetic constant (Ink) against the inverse
temperature (7") for MtLPMO9H.
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4.4.2 MLPMO9G

The next enzyme to be examined electrochemically is MtLPMO9G. The initial con-
centration of this LPMO was 5.5 mg/L and again was mixed in a 8:2 ratio with Co-f-
MWCNTs. Then, 2 pl of this mix were left to dry on the electrode surface. FTacV
is again performed in a a pH 6 0.5 M acetate buffer for Ag = 250 mV and different
frequencies, f = 5, 2, 1, 0.5, 0.2 and 0.1 Hz. The anodic scan of the 5th harmonic
of the immobilized LPMO is presented in Fig. 4.4.13(a) and the respective normalized
with the frequency harmonics in Fig. 4.4.13(b).

Again in this case the reversibility is achieved for a frequency of 0.1 Hz with the
difference here compared to MtLPMO9H being that the peak ratio of the normalized
harmonic for 5 Hz against the normalized reversible peak is lower, eventually leading
to a lower value of £ but we shall get back to this later. It can also be observed that
the interference appearing around the 0.4 V giving rise to the more anodic part of the
harmonic at lower frequencies is also present in this enzyme.

Then the respective process has been followed for the 4th and the 6th harmonic as
well in Fig. 4.4.14 and Fig 4.4.15 respectively. Again for the lower frequencies typical
even harmonics of a reversible reaction can be observe. What is of interest here is
that the saturation in the increase of the 6th harmonic is not achieved. This is due
to the fact that as the order of the harmonic increases, it is more difficult to achieve
reversibility and lower frequencies are needed to be employed.

Regarding now the k° value, the mean value extracted from the 4th and the 5th
harmonic is 0.91 £ 0.1 s~!, which is indeed lower than the one of MtLPMOOH as
predicted earlier.

After the k% extraction, the next step was again to examine the interaction of the
enzyme with PASC. The T examined were 30, 35, 40, 45 and 50 °C. Regarding the
other experimental conditions the frequency was 5 Hz and the amplitude 250 mV and
the scan rate 50 mV s=! for 30 and 35 °C, 62.5 mV s~ ! for 45°C and 75 mV s~ for
45 and 50 °C. The PASC concentration was 0.2 g/L in all the cases. An example for
the decrease of the signal of the 4th, 5th and 6th harmonic as the cycles go by in the
presence of PASC are presented in Fig. 4.4.16 at 50 °C. As one can observe, the decrease
of the dominant peak in all three cases that the capacitance is eliminated is steady. A
quantification of this decrease is presented in Fig 4.4.17. The dominant peak for the
even harmonics is the second anodic dominant one. The slopes extracted are -0.0037,
-0.0034 and -0.0037 for the 4th, 5th and 6th harmonic respectively indicating a good
agreement between the harmonics.

The kinetic constant values extracted from each harmonic are presented in Ta-
ble 4.4.2.

An attempt for an Arrhenius type plot was again made in Fig. 4.4.18 where indeed
a linear dependence is observed when the Napierian logarithm of the kinetic constant
(Ink) is plotted against the inverse temperature (7). From the slope the activation
energy can be estimated at 36.1 kJ/mol.
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Figure 4.4.13: (a) 5th harmonic (b) normalized 5th harmonic of Co-f-MWCNTSs
MtLPMO9G mix on a glassy carbon electrode in a pH 6 0.5 M acetate buffer for
Ay = 250 mV and f = 5 (black), 2.5 (red), 1 (blue), 0.5 (green), 0.2 (orange) and
0.1 Hz (magenta).

Table 4.8: Kinetic constant £ of PASC binding to MtLPMO9G for different tempera-
tures.

T(C) | k(g s)
30 0.0071 £ 0.0007
35 0.009 +£ 0.0008
40 0.0118 £ 0.0002
45 0.0145 £ 0.006
20 0.0173 £ 0.002
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Figure 4.4.14: (a) 4th harmonic (b) normalized 4th harmonic of Co-f-MWCNTSs
MtLPMO9G mix on a glassy carbon electrode in a pH 6 0.5 M acetate buffer for
Ap =250 mV and f =5 (black), 2 (red), 1 (blue), 0.5 (green), 0.2 (orange) and 0.1 Hz
(mangenta).
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Figure 4.4.15: (a) 6th harmonic (b) normalized 6th harmonic of Co-f-MWCNTSs
MtLPMO9G mix on a glassy carbon electrode in a 0.5 M acetate buffer for Ay = 250 mV
and f =5 (black), 2 (red), 1 (blue), 0.5 (green), 0.2 (orange) and 0.1 Hz (magenta).
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Figure 4.4.16: (a)4th and (b) 5th harmonic and (c) 6th of Co--MWCNTs MtLPMO9G
mix on a glassy carbon electrode in an acetate buffer 500 mM pH 6, 500 mM at v =
75 mV s7! f = 5 Hz and Ay = 250 mV at 50 °C and 0.2 g/I. PASC. Cycles: 1st
(black), 2nd (red), 3rd (blue), 4th (green), 5th (magenta), 6th (orange) and 7th (cyan).
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Figure 4.4.17: Denendence of the Napierian logarithm of the oxidation peak (Infy)
against time (t) for the 4th (black circles), 5th (red squares) and 6th harmonic (blue
diamonds) of MtLPMO9G at 50°C.
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Figure 4.4.18: Napierian logarithm of the kinetic constant (Ink) against the inverse
temperature (7') for MtLPMO9G.
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Table 4.9: Kinetic constant k& of PASC binding to FoLPMOO for different temperatures.
T (°C)| k(Lg'tsh
30 0.0042 4 0.00009
35 0.0097 £+ 0.001
40 0.011 £ 0.003
45 0.0159 £ 0.002

4.4.3 FoLPMO9

The last LPMO to be examined in this work with the new immobilization method was
FoLLPMQO9. The same procedure was followed as in the two previous enzymes, with the
main difference being in the Co--MWCNTSs matrix - MtLPMO9G ratio used 1:1.%7

The anodic scan of the 5th harmonics of the immobilized FoLPMO9 are presented
in Fig. 4.4.19(a) along with the normalized harmonics in Fig. 4.4.19(b) for Ay = 250 mV
and f =5, 2,1 and 0.5 Hz.

The apparent formal potential extracted from the dominant peak of the 5th har-
monic is at 210 mV. Regarding the extraction of the £° value from the normalized 5th
harmonics, the reversibility is achieved for f = 0.5 Hz and the value is estimated at
12.3 s71. This value is higher than the one extracted for the two previous LPMOs.
This is probably due to this enzyme not being glycosylated and having a low molecular
weight, making the access to the active site easier than in the other two cases.

Regarding its interaction with PASC, it was studied at 30, 35, 40 and 45 °C at
Ag =250 mV and f = 5. The scan rates used were 50 mV s~! for 30 and 35 °C, while
75 mV s7! for 40 and 45 °C. The PASC concentration was again 0.2 g/L in all the
experiments.

An example of the decrease of the 5th harmonic as the cycles go by at 35 °C
can be found in Fig. 4.4.20(a) while the quantification of the decrease is presented in
Fig 4.4.20(b). The extracted kinetic consntants can be found in Table 4.4.3 while the
activation energy was estimated at 67.6 kJ mol~! from Fig. 4.4.20.

37 FoLPMO9 showed a lack of affinity during the purification with the cobalt ion column, thus in an
attempt for a more stable result, higher concentration of the matrix was used.
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Figure 4.4.19: (a) 5th harmonic (b) normalized 5th harmonic of Co-f-MWCNTSs
MtLPMO9G mix on a glassy carbon electrode in a 0.5 M acetate buffer for Ay = 250 mV
and f =5 (black), 2.5 (red), 1 (blue) and 0.5 (green).
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Figure 4.4.20: (a) 5th harmonic of Co-f-MWCNTs FoLPMO9 mix on a glassy carbon
electrode electrode in an acetate buffer 500 mM pH 6, 500 mM at v = 75 mV /s, f = 5 Hz
and Ap = 250 mV at 35 °C. Cycles: 1st (black), 2nd (red), 3rd (blue), 4th (green), 5th
(magenta). (b) Denendence of the Napierian logarithm of the oxidation peak (Inf, 5)
against time (t) (c) Napierian logarithm of the kinetic constant (Ink) against the inverse
temperature (7).
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5. An electrochemical interpretation of the
interaction between LPMOs and potential electron
donors

A part of this work focused on understanding the interactions of LPMOs with electron
donors and the electrochemical characterization of these donors. It is reminded at this
point that in order for the catalytic cycle of an LPMO to start, the enzyme needs to be
reduced by an external electron donor. This donor has to be characterized by a lower
formal potential of that of the LPMO in order for the reduction to be feasible.

The first step was to electrochemically study ascorbic acid, which is a universally
accepted donor for LPMOs. Based on the prevailing scenarios concerning the oxidation
of ascorbic acid on an electrode surface, cyclic volammetry, convolution voltammetry
and FTacV were employed. The experimental results were then compared to computa-
tional ones in order to get a better grasp of what could be the most plausible scenario
of the voltammographic pattern observed.

Then, based on the reactivity of as electron donors to MtLPMO9H at a pH value of
6 at 50°C, pyrogallol, gallic acid, methyl gallate, caffeic acid, sinapic acid, syringealde-
hyde, vanillin, ferulic acid, p-coumaric acid, vanillic acid and p-hydroxybenzoic acid
were examined with cyclic voltammetry and FTacV. The voltammetric results together
with data and mechanisms proposed in the literature were exploited and a pattern in
the behavior of the compounds regarding their reactivity with the LPMO is interpreted.
Moreover the interaction of MtLPMO9H with lignin from wheat straw as an electron
donor is examined and an interpretation of its interaction with the enzyme is given.

Experimental

MtLPMO9H was incubated with various potential electron donors at 50° C under
stirring (1000 rpm), using 1 % w/v PASC as a substrate. The enzyme to substrate
ratio was 50 mg/g substrate and the final electron donor concentration was 2 mM.
Two sets of blank reactions were also incubated, in the absence of either the electron
donor or the enzyme. The analysis of the reaction products was performed using a
high-performance anion-exchange chromatography (HPAEC), using a CarboPac PA-1
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(4 x 250 mm, Dionex) column with a pulsed amperometric detector (PAD) equipped
with a gold electrode. 25 ul of samples were injected and the reaction products were
eluted at 1 mL/min with initial conditions set to 0.1 M NaOH (100% eluent A). This
step was succeeded by a linear gradient toward 10% eluent B (1 M NaOAc in 0.1 M
NaOH) after 10 min and 30% B after 25 min; a 5 min exponential gradient to 100% B
followed. Between separate injections, a 10 min stabilization step (100% A) was inter-
jected. Integration of chromatograms was performed using Chromeleon 6.0 software.

Voltammetric experiments were performed in a single compartment three electrode
cell consisting of a disk glassy carbon electrode (GC) with a surface of 0.0706 cm? as
working electrode, a 1.6 mm diameter Pt coated titanium rod as a counter electrode,
and an Ag|AgCl, KCI sat. reference electrode (+0.197 V vs NHE). As a supporting
electrolyte sodium acetate buffer was used. The sodium acetate was purchased by
Panreac and the acetic acid by Chem-Lab NV.

Voltammetric measurements were performed by a PAR 263A Potentiostat connected
to an AFG 5101 Tektronix programmable arbitrary function generator. The temper-
ature of the cell was kept at a specific value during measurement with the use of a
thermostated bath (FALC WB-MD5). The temperature of the cell was recorded dur-
ing the measurement, in order to assure that it remained constant.

Before each measurement the glassy carbon electrode was polished on a cloth with
the use of a 0.3 pm and 0.05 um AlyO3. The electrode was then washed with distilled
water and subsequently sonicated in distilled water for 5 min. After the sonication, the
electrode was again washed with distilled water.

All solutions were freshly prepared before each set of experiments.

5.1 HPAEC-PAD

The elution patterns of the reactions for the different potential electron donors are
presented in Fig. 5.1.1. They are divided into two categories. The ones that gave non
oxidized and oxidized products (Fig. 5.1.1(a)) and the ones that did not (Fig. 5.1.1(b)).
Taking a close look at these elution patterns one can observe that ascorbic acid, caffeic
acid, gallic acid methyl gallate and pytogallol interacted rather effectively with the
LPMO giving intense peaks for both C; and C, oxidized products, while sinapic acid
gave evidently less intense peaks. On the other hand, the elution patters where p-
coumaric acid, ferulic acid, p-hydroxybenzoic acid, syringaldehyde, vanillic acid and
vanillin were used as electron donors gave no detectable oxidized products, signifying
very restricted to no reactivity towards the MtLPMO9H.

For the compounds that succeeded as electron donors, a quantitative comparison
shall be made regarding the non oxidized, the C; and the C; oxidized products that
resulted from the respective reactions with the LPMOs. This comparison is made based
on the integration of the surface area beneath the peaks corresponding to the respective
oxidized products. The results are presented in Table 5.1.

Summing up the results of the HPAEC-PAD analysis, nine different monophenols,
one dihydroxybenzene (caffeic acid), three trihydroxybenzenes (gallic acid, pyrogallol
and methyl-gallate) and ascorbic acid were evaluated for their ability to provide elec-



Chapter 5. An electrochemical interpretation of the interaction between LPMOs and

potential electron donors 227
(@)
400 T ‘ T T I
L \ . C,-C, oxidized products
C, oxidized products
O 300 ___J \ \ —C4 oxidized products B
= 7 \"I — \_’_\/‘, —  blank
~ .
200 F - — ascorbic
g J\- »“ ' N “ ' — caffeic acid
N | | ' —  gallic acid
S 100 v \ ‘ -
= | Ng | ' '~ ——  Methyl gallate
0 ._JJ S pyrogallol
I I : I \’“ K— —  sinapic acid
0 10 20 30 40
¢t / min
(b)
500 fF T T T T e
400 | | L_,AA\\ 7]
U 5 g
E 300 | —\" 1 — bk
B 1 — -coumaric acid
£ 200 S S D
S L— 1 — ferulic acid
= 100 1] ,’\\F —  p-hydroxybenzoic acid
0 A % —  syringaldehyde
-100 L | | | . .1 vanillic acid
0 10 20 30 40 — vanillin
t/ min

Figure 5.1.1: HPAEC-PAD elution patterns of PASC after a 14 h incubation with

MtLPMO9H (50 mg/g substrate) for different electron donors.

(a) blank (black),

ascorbic acid (red), caffeic acid (blue), gallic acid (green), methyl gallate (magenta),
pyrogallol (cyan) and sinapic acid (purple). (b) blank (black), p-coumaric acid (red),
ferulic acid (blue), p-hydroxybenzoic acid (green), syringaldehyde (magenta), vanillic

acid (cyan) and vanillin (purple).

Table 5.1: Quantification of non-oxidized, C; and C, oxidized products from the re-
action of MtLPMO9H with PASC as a substrate after a 14 h incubation for different
electron donors together with the % relative activity compared to ascorbic acid. All
quatities are measured in nC min~—!. Assignment according to [1].

Electron donor | Non-oxidized prod. | % | C; prod. | % | C4 prod. | %
Ascorbic Acid 231.95 100 14.19 100 32.43 100
Calffeic Acid 162.95 70 9.26 65 23.83 73
Gallic Acid 274.58 118 47.99 338 40.16 123
Methyl Gallate 78.25 34 15.41 109 18.36 56
Pyrogallol 144.60 62 30.83 217 31.79 98
Sinapic Acid 34.10 15 4.81 34 13.05 40
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trons to support the oxidative activity of MtLPMO9H on PASC. Gallic acid, pyrogallol
and methyl-gallate, all with three hydroxyl groups attached to the benzene ring, pro-
moted efficiently the activity of LPMO and leaded to the highest yield of Cl-oxidized
oligosaccharides. Caffeic acid, a benzenediol compound, as well as sinapic acid could
provide electrons to the active site of the enzyme, but were not as successful as ben-
zenetriols, while upon addition of all residual monophenols no activity of LPMO was
detected.

5.2 Ascorbic acid

We shall begin this chapter with the electrochemical examination of ascorbic acid.
Typical voltammograms of the oxidation of ascorbic acid on an electrode surface have
been a subject of scientific interest in the past, with different approaches followed.

One of the earliest works regarding the oxidation of ascorbic acid dates back to
the distant 1933 with an attempt to measure the formal potential of ascorbic acid in
various pH values. In the aforementioned work the observed EY is reported [2]. In
1985 Karabinas et al. studied the oxidation of ascorbic acid on a hanging drop mercury
electrode in citric acid - pottasium acetate buffer at a pH of 7.4. In this work it was
concluded that the oxidation of ascorbic acid is a 2 electron reversible process followed
by a fast irreversible chemical reaction [3].

One of the most cited works in the subject of the oxidation of ascorbic acid is that of
Hu and Kuwana one year later, where cyclic voltammetry and convolution voltammetry
was performed in a solution containing ascorbic acid with glassy carbon as a working
electrode. In this work a sequence of one reversible one electron and an irreversible one
electron reactions is proposed instead of 2 electron reversible process followed by a fast
irreversible chemical reaction [1].

Other works dealing with the mechanism of the oxidation of ascorbic acid and the
determination of the formal potentials of the intermediate steps on a more theoretical

level can be found in references [5, 6, 7, 8, 9]. Most recent experimental work around
the oxidation of ascorbic acid revolve around the detection of the substance on modified
electrodes [10, 11, 12, 13].

The scenarios that shall be examined is a modification of that of Hu and Kuwana
with the addition of disproportionation' and the other is that of Karabinas et al.

Cyclic Voltammetry and Convolution

Before examining the scenarios the experimental results and their analysis shall be first
presented starting with cyclic and convolution voltammetry. A set of cyclic voltammo-
grams of ascorbic acid at different scan rates can be found in Fig. 5.2.1. The scanning
starts at -0.3 V and goes on anodically to 1.0 V and then returns to -0.3 V. The concen-
tration of the ascorbic acid is 5 mM and a 500 mM acetate buffer at a pH of 6 is used
as a supporting electrolyte. The scan rates examined range from 25 to 250 mV/s. In

IThe scenario of Hu and Kuwana alone without the addition of disproportionation is also examined
indirectly, but the results were not satisfactory.
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the voltammograms only one distinct peak is observed during the anodic scan, while no
peak is observed in the respective cathodic scan. These results are in accordance with
the literature [3, 1]. Thus the assumption concerning the mechanism that the steps are
either a two step reversible oxidation followed by an irreversible chemical reaction or
the oxidation consist of a reversible one electron and a subsequent one step irreversible
electron stands.

Now based on the anodic scan, convolution voltammetry analysis is performed. In
Fig. 5.2.2 (a) an anodic scan for 100 mV/s of ascorbic acid together with the respec-
tive convoluted voltammogram are presented. The same analysis is performed for the
other scan rates as well. The limiting current for the convoluted voltammograms [, is
independent of the scan rate indicating an electrochemical - chemical - electrochemical
(ECE) or elecrohemical - disproportionation - elecrochemical (E-DISP-E) process that
does not interfere significantly in the scan rate used, v = 0.025 — 0.25 V s7!. The value
of the I, is calculated at 165.05 (& 8.87) uC s~'/2. In addition, by plotting the current
value at the oxidation peak against the square root of the respective scan rate, a linear
correlation is observed, signifying no adsorption of the electrochemical species can be
considered significant interfering with the process (Fig. 5.2.2 (b)). The peak width was
found to be E, — E,/» = 82.3 mV, corresponding to a value of £, — E,» = 3.2RT/F,
for T'= 298.15 K.

The value of the effective diffusion coefficient D.g is approximated by fitting the
function,

I, —1
- 2FAD'?

to the value of ¢ = 5 mM, see Fig. 5.2.2(c). The mean value obtained is (+ 0.059)
x107° cm?, as shown in Table 5.2. This value is rather underestimated in comparison

to the value of 0.81 cm? s! reported for the ascorbate anion by Shamim and Bakin

[14].

The dependence of the effective rate constant kg on the potential difference £ — EY
is shown in Fig. 5.2.2(d). For this plot the bibliographic value of E¥ = —0.09 V vs.
Ag| AgCl (KCI sat.) is used, corresponding to pH 6,

ca(0) (5.2.1)

kg = D2 ! 5.2.2
ff eff ]L . I ( )

Two, rather distinct linear regions are observed, one at low potentials, £ < 0.02 V and
the other at higher potentials £ > 0.04 V. From this plot, two different effective transfer
coefficients can be calculated, one at low potentials being 5,1 = 1.38 and another at
high potentials 3,2 = 0.52, see Table 5.2. These values are in good agreement with the
values reported by Hu and Kuwana [1], for the same system in pH 2. According to the
same authors, the change of the value of the apparent Tafel coefficients is due to the
change of the rate determining step of the reaction mechanism. More specifically, for
low potentials, the rate determining step is the second electron transfer step whereas
for higher potentials the first electron transfer step is rate determining.”

2The change in the mechanism takes place due to the dependence of the k; on the electrode potential.
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Figure 5.2.1: Cyclic voltammograms of 5 mM ascorbic acid in 500 mM acetate buffer
pH 6 at various scan rates at 25 °C. v values: 25 (black), 50 (red), 75 (blue) 100 (green),

150 (orange), 200 (magenta) and 250 mV/s (cyan).
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Figure 5.2.2: (a) Linear (black) and convolution (red) potenial sweep voltammogram,
(b) i, against v-1/2 (c) surface concentration of ascorbate ions and (d) effective rate
constant. Parameters: concentration of ascorbic acid ¢} = 5 mM in acetate buffer pH
6, scan rate v = 0.1 V s71, electrode area S = 0.0706 cm?.
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Table 5.2: Experimental quantities obtained for scan rates v = 0.025, 0.05, 0.1, 0.15,
0.2,0.25 Vst

Symbol Value Description
I, 165.05 (£ 8.87) uC s~1/2 limiting convolution current
E, — Ey ) 82.3 (£ 4.3) mV peak width
Degt 0.59 (£ 0.06) x107° cm? s™! effective diffusion coefficient
Ban 1.38 (£ 0.13) effective transfer coeflicient (low potentials)
ko 1 4.8(40.4) x 1075 cm s7! effective rate constant (low potentials)
Ba2 0.52 (£ 0.06) effective transfer coefficient (high potentials)
k% o 1.1(£0.4) x 107" cm s7! effective rate constant (high potentials)
FTacV

Supplementary to the above experimental procedure, FTacV was also performed on
ascorbic acid.

In Fig. 5.2.3 harmonics 2 through 5 are presented for the LA-FTacV experiments of
5 mM ascorbic acid in acetate buffer pH 6 0.5 M at 1 Hz and 3 different A, (100, 150
and 200 mV). As one familiar with this technique could observe, the pattern does not
correspond to that of a usually reported reversible or quasi reversible electrochemical
reaction. For the anodic scan going from -300 mV to 1000 mV the two characteristic
peaks of the second harmonic appear, though rather disproportional with the second
one being barely visible for the lowest amplitude. Regarding the third harmonic, the
middle peak of the triplet is not the dominant one, as the first one is more intense
and gets even more intense as the amplitude increases. Now when it comes to the
4th and 5th harmonic, they do not resemble by any means the usually reported ones.
The 4th appears to have 3 peaks with the middle one being the dominant while the
5th has 4 disproportianl pekas. Moreover, in all the harmonics there is a shift towards
more negative potentials with the increase of the amplitude regarding the corresponding
dominant peak.

According to the mechanism based on disproportionation, the observed signal is an
interplay of a quasi reversible (electochemically), reversible (chemically) reaction and an
irreversible (chemically) electrochemical reaction. The cathodic shift of the dominant
peak is an indication of the strong presence of the chemically irreversible electrochemical
reaction. Regarding the cathodic scan going from 1 V to -300 mV, some peaks are
observed, which resemble those of the anodic scan, though smaller in magnitude. This
observation comes to a contrast with the cyclic voltammetry experiments where nothing
is observed in the cathodic scan of the ascorbic acid. This is attributed to the fact that
during the cathodic scan, due to the perturbation of the potential both anodically and
cathodically, both oxidations and reductions occur, leading to small but observable
oxidation currents, whereas in the classical cyclic voltammetry this is not possible.

Regarding the scenario which is based on the consumption of the resulting electro-
chemical species right after a two electron reversible reaction, it is possible that the
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expected pattern could be one resembling the experimental data, as via the irreversible
chemical step, the electrochemical reaction is also practically rendered irreversible.
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Figure 5.2.3: (a)-(d) 2nd through 5th harmonic of ascorbic acid 5 mM acetate buffer
pH 6 0.5 M at v = 15 mV/s, f = 1 Hz and Ay = 100 (black), 150 (red) and 200 mV

(blue) at 25 °C.

Proposed Mechanism based on disproportionation

In order to explain the experimental results, the two proposed mechanisms shall be
discussed in further detail. The first one is the one that implicated the interference of
the disproportionation of the intermediate radical of ascorbic acid.

According to the Pourbaix diagram proposed by Tu et al. [7], ascorbic acid is mainly
in the form of ascrobate ions in pH 6. Moreover, during the first electron transfer,
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ascorbate radicals are formed which can disproportionate rapidly to dehydroascrobic
acid and ascrobate ions (possibly via a dimer structure). Thus, for the interpretation
of the experimental findings, the following reaction mechanism is proposed,

ki

HA-——=—A"*+H" +e (5.2.3)
k1
ko
A — A +e (5.2.4)
kp
2A™* + 2H"———HA~ + A (5.2.5)

The mass balance equations are written,

aCA 820A

— = Dpr—— 2.

ot A 02 +7p (5 6)

803 8203

— =D 5.2.7

ot B 92 o ( )

aCR 8QCR

— =Dp—— —2 5.2.8

ot " 022 D ( )
where ca(z,t) = [HA™] is the concentration of ascorbate anions, cg(z,t) = [A] the
concentration of dehydroascorbic acid and cg(x,t) = [A™*] the concentration of the

reaction intermediate. The rate of the disproportionation reaction is,
rp = kpcy (5.2.9)

where the concentration of hydrogen ions is included in the rate constant.
The initial conditions of the above problem are,

ca(z,0) = c) (5.2.10)
cp(2,0) = 0 (5.2.11)
cr(z,0) =0 (5.2.12)

where ¢} is the bulk concentration of ascorbate anions.
The boundary conditions far from the electrode surface are,

ca(z — o00,t) = ¢} (5.2.13)
cg(r — 00,t) =0 (5.2.14)
cr(x = 00,t) =0 (5.2.15)

whereas, at the electrode surface,

aCA il

i = = 5.2.16
A0r lemo F ( )
803 iQ
—_— = ——= 5.2.17
B 8$ =0 F ( )
aCR 71 ig
Dr— = ——=+4 = 2.1
R0z amo F F (5:2.18)
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The local current densities are given by a Volmer-type dependence of the kinetic con-
stants ki, k_; and ks on electrode potential,

iy = FIO[ca(0, t)e 7t EO=ED) _ o (0, )= A (EO-ED)] (5.2.19)
iy = FKer(0,t)e " w7 (EO-EY) (5.2.20)

where k) and EY” is the heterogeneous kinetic constant and formal electrode potential,
respectively, at a given concentration of hydrogen ions. The total current is the algebraic
sum of the local currents, i.e., I = A(iy + i), where A is the electrode area.

For the formal potentials at a given pH, we consider the following relations,

EY = E} — 0.059pH
EY = E)

EY + EY
==

EY — 0.029pH
where E” is the formal electrode potential of the overall two-electron reaction® [7, &, 9].

Considering a value of EY ~ 0.73 V and EJ ~ —0.180 V the corresponding for-
mal potentials are calculated for pH 6 (acetate buffer) versus the Ag|AgCl (KCI sat)
reference electrode (potential 0.199 V vs NHE), at 0.180 V and -0.360 V respectively..

Now that the model for the first mechanism has been fully analyzed we shall move
on to the fitting of the experimental data. At first, an attempt was made to fit the data
to the cyclic voltammogram. The problem that occured when using the scenario of Hu
and Kuwana as it is, with potentials close to the ones found in the literature, the decay
of the current after the peak was rather sharp compared to the experimental data
regardless of the combination of kinetic constants, transfer coefficients and diffusion
coefficients used. This lead to the conclusion that one more reaction shall be included
in the mechanism. An attempt was then made to include the disproportionation of
the intermediate radical of the ascorbic acid and a cyclic voltammogram very close to
the experimental was extracted Fig. 5.2.4. The parameters used for the fitting were
EY =180 mV, B = =360 mV, k¥ =3 x 107  m/s, k9 =2 x 107" m/s, v = 100 mV /s,
a=0.61, D =0.55 x 107° ecm?/s, kqis = 1.5 x 10" L mol~'s™! and a comparison of
the theoretical and experimental cyclic voltammograms is presented in Fig. 5.2.4. It
should be noted here, that a similar voltammogram to the experimental can be found
numerically without disproportionation but with pairs of E?, k¥ and ES, k9, that do
not correspond to the literature values, regarding the formal potentials.

By using the data of the cyclic voltammogram fit, another attempt was made then
to fit the results to the FTacV experiments. The results of the fit are presented in
Fig. 5.2.5. For Ag = 100 mV harmonics 2 through 5 are presented, while for 150 and
200 mV, indicatively the 4th and 5th harmonics are shown, with their corresponding
fits. It is important to note here that although other combinations of kinetic constants
and formal potentials close to the ones reported in the literature without the effect
of the disproportionation, cyclic voltammograms very similar to the experimental ones

3H* is not implicated in the second step of the reaction, thus the value is regarded constant
regardless of the pH value.
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Figure 5.2.4: Experimental cyclic voltammogram of ascorbic acid 5 mM acetate buffer
pH 6 0.5 M at 100 mV/s without capacitance extraction (black) at 25 °C. Com-
putational cyclic voltammogram of the proposed mechanism with disproportination
(red) and without disproportionation (dashed red). Fitting parameters EY = 180 mV,
EY = =360 mV, kY =3 x 107" m/s, k9 = 2 x 107" m/s, v = 100 mV/s, a = 0.61,
D =0.55 x 107 ecm?/s, kqgis = 1.5 x 101 L mol~!s 1.

were obtained, when the parameters where fitted to the FTacV experiments, the results
were not the expected and rather observable differences appeared.

Although the fit depicted in Fig. 5.2.5 is very close to the experimental data, some
features of the voltammogram were not approximated very precisely giving the benefit
of the doubt to this approach.

Proposed Mechanism based on the consumption of the oxidized
product.

Karabinas et al. proposed in their work an EC mechanism scenario in which a two
electron reversible reaction of ascorbic acid is suceeded by an irreversible chemical

reaction consuming the oxidized product [3]. This scenario can be simply summarized
as follows
ko
A B+ 2H" + 2e (5.2.21)
kc
B——C (5.2.22)

where A is the reduced form of the ascorbic acid (ascorbate anions) , B the oxidized
form after the two electron oxidation (dehydroascorbic acid) and C the final product.
For reasons of simplicity the chemical reaction is treated as a first order one.

The mass balance of the problem shall be written as The mass balance equations
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Figure 5.2.5: FExperimental vs theoretical voltammograms for disoproportionation
mechanism of ascorbic acid 5 mM acetate buffer pH 6 0.5 M at v =15 mV /s, f =1 Hz
and Ay = 100 (green), 150 (red) and 200 mV (black) at 25 °C. The experimental
values are presented with full lines while the theoretical ones with dashed lines. Fitting
360 mV, k¥ =3 x 1072 m/s, kY =2 x 107" m/s,
v =100 mV/s, a =0.61, D =0.55 x 107° cm?/s, kgis = 1.5 x 10'° L mol~*s71.

parameters E?

180 mV, E3
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are written,

Oc d%c

a_tA — Dy 83:? (5.2.23)

Oc 9%c

a_tB _ B—8332B —re (5.2.24)
(5.2.25)

where cp(x,t) is the concentration of ascorbate anions, cg(x,t) the concentration of
dehydroascorbic acid. The rate of the consumption reaction is,

re = keCp (5.2.26)

where the concentration of hydrogen ions is included in the rate constant.
The initial conditions of the above problem are,

ca(z,0) = c) (5.2.27)
cg(z,0) =0 (5.2.28)
ce(z,0)=0 (5.2.29)

where ¢} is the bulk concentration of ascorbate anions.
The boundary conditions far from the electrode surface are,

ca(x — o0,t) =c) (5.2.30)
cg(r — 00,t) =0 (5.2.31)
cr(z — 00,t) =0 (5.2.32)
whereas, at the electrode surface,
8CA 7:1
Dy—— == 5.2.33
A0z lomo F ( )
8CB ig
Dg—— =—= 5.2.34
B0z lomo F ( )

Now let is move on to the fitting of the experimental data based on this scenario. As
indicated by convolution voltammetry, for potentials over 40 mV the rate determining
step is the first one if one would assume two separate one electron reactions instead
of an one step two electrons one. Based on this, the formal potential that will be
assumed in this scenario is that used for the first step in the previous section. For
values k¥ = 4.2 x 107* m/s v = 100 mV/s, a = 0.61, D = 0.55 x 107° cm?/s and
ko = 1 x 10° 1/s * one can see in Fig. 5.2.6 that the computational voltammogram
approximates the experimental one really well, to the same degree as the previous
scenario (Fig. 5.2.4). Now the critical point is the fitting of the FTacV experiments.

4The value of the k¢ used in the theoretical calculation indicated basically the order of magnitude
of the constant, rather than the exact value. In order to have visible changes in the voltammogram the
kinetic constant had to vary orders of magnitude, thus an attempt for a more precise kinetic constant
would not be useful.
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Figure 5.2.6: Experimental cyclic voltammogram of ascorbic acid 5 mM acetate buffer
pH 6 0.5 M at 100 mV /s without capacitance extraction (black) at 25 °C. Computational
cyclic voltammogram of the mechanism of the 2nd scenario with consumption (dashed
red). Fitting parameters EY = 180 mV, k¥ = 4.2 x 107 m/s, v = 100 mV/s, a = 0.61,
D =0.55 x 107° ecm?/s, k¢ = 1 x 10° 1/s.

By taking a look at Fig. 5.2.7, one would agree that with this approach, the features
that were not approximated correctly in the previous scenario are now corrected. This
is an indication the the proposed scenario by Karabinas et al. is closer to the oxidation
of ascorbic acid on an electrode surface, although much simpler.

In both cases though, the value of the formal potential extracted is that of 180 mV
vs Ag|AgCl, KCl sat. lower than that of MtLPMO9H (245 mV vs Ag|AgCl, KCI sat),
making it feasible for the electron transfer thermodynamically. This oxidation path
proposed is pretty straightforward with no side reactions that could affect the activity
of MtLPMOYH, explaining why it acts consistently well in LPMOs in a lab scale.

5.3 C(Caffeic Acid

As a next step, phenolic compounds that were tested with MtLPMO9H in order to check
their reactivity as electron donors were examined electrochemically. First the electron
donors that showed a relatively high yield of oxidized products shall be presented.
The first one in the list is caffeic acid (3,4-Dihydroxycinnamic acid) which showed
a reactivity at a level of 59 to 70% regarding the non-oxidized and oxidized products
in comparison to ascorbic acid when acting as an electron donor to the LPMO. In Fig.
5.3.1 the cyclic voltammograms of a 2.5 mM caffeic acid solution at various scan rates
are presented. A 500 mM acetate buffer at a pH of 6 is used as a supporting electrolyte.
The scan rates examined range from 25 to 250 mV/s. The potential is scanned from
-0.3 anodically up to 1 V and then cathodically back to -0.3 V. During the anodic scan
a peak appears at about 220 mV, the magnitude of which increases with the increase
of the scan rate. During the cathodic scan, a reduction peak arises around 120 mV.
At a first glance, and if scan rates lower than 100 mV /s had not been examined, one
would characterize the reduction and oxidation peak as a set of quasi-reversible peaks
of the two electron oxidation and reduction of caffeic acid. However, as the scan rate
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Figure 5.2.7: Experimental vs Theoretical voltammograms of ascorbic acid 5 mM ac-
etate buffer pH 6 0.5 M at v = 15 mV/s, f = 1 Hz and Ay = 100 (green), 150 (red)
and 200 mV (black) at 25 °C. The experimental values are presented with full lines
while the theoretical ones with dashed lines.Fitting parameters EY = 180 mV, k° = 4.2
x 107" m/s, v =100 mV /s, a = 0.61, D = 0.55 x 107° cm?/s, k¢ =1 x 10° 1/s.
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is decreasing, it can be assumed that the quantity of the reduced species is consumed
and rendered to a form that cannot be reduced, thus the peak is almost diminished at
25 mV/s.

Il L | L | L | L | L | L | L |
-0.4 -0.2 0 0.2 0.4 0.6 0.8 1
E/ V vs Ag|AgCl, KClI sat.

Figure 5.3.1: Cyclic voltammograms of 2.5 mM caffeic acid in 500 mM acetate buffer
pH 6 at various scan rates at 25 °C. v values: 25 (black), 50 (red), 75 (blue) 100 (green),
150 (orange), 200 (magenta) and 250 mV/s (cyan).

In 2001 Hotta et al. while examining some polyphenolic antioxidants, including caf-
feic acid, observed with flow column electrolysis experiments that while at low pH values
the number of electrons exchanged for the oxidation of caffeic acid were 2 for higher pH
values, higher numbers of electrons were acquired, indicating further reactions occuring.
It was assumed then this was due to the oxidation of polymerized products of caffeic
acid, as in higher pH values, semi-quinones resulting from the oxidation of caffeic acid
are thermodynamically more stable and polymerization reactions can preferably occur
[15]. Moreover, Arakawa et al. in 2004 using on-line electrochemistry / electrospray
ionization mass spectrometry, while examining caffeic acid, detected dimer products for
applied potentials aroung 0.7 V and trimers for potentials at 1 V| reinforcing the claims
of Hotta et al. [10].

Based on the aforementioned claims together with the experimental results from the
cyclic voltammograms, it can be concluded that the anodic peak is indeed due to the
2 electron oxidation of caffeic acid, but the cathodic peak is rather distorted especially
at lower scan rates, due to the fact that polymerization of the resulting products of the
oxidation of caffeic acid occurs as a result of the pH and the high overpotential applied.

In order to further explore the redox reaction of caffeic acid on a glassy carbon
electrode, FTacV experiments were performed at a frequency f of 1 Hz and various
amplitudes ranging from 100 to 300 mV. Harmonics 2 through 5 are presented in
Fig. 5.3.2. The scan rate employed is 15 mV/s so that a frequency of 1 Hz can be
used satisfying the independence of the experiment from the scan rate. The scanning
limits are the same as the ones employed for cyclic voltammetry. From all the harmon-
ics it can be concluded safely that a distorted picture of a quasi reversible reaction can
be distinguished during the anodic scan. The distortion is more evident as the ampli-
tude increases on the more anodic part of each harmonic as it appears to be smaller in
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magnitude than the left one. This could be due to the polymerized products of caffeic
acid being formed, thus not letting the signal expand to its full potential through the
whole voltammogram. Regardless of the possible deformation of the magnitude of the
principal peak of the odd harmonics, considering that no displacement is observed, a
formal potential value can be extracted at 180 mV. This value shall be attributed to
the two step electron reaction of the oxidation of caffeic acid.

During the cathodic scan, it can be seen that the magnitude of the cathodic peak is
far less impactful than that of the anodic scan. This can be attributed to the same rea-
sons as the one mentioned for the simple cyclic voltammogran. It should be mentioned
as well at this point, that the scanning employed for FTacV is slower than the ones used
for the cyclic voltammetry experiments, making the overall effect of the polymerization
of the products of the oxidation of caffeic acid more prominent.

Based on these observations and the data from the literature, a reaction scheme for
the oxidation of caffeic acid on an electrode surface is presented in Fig. 5.3.3. At first the
reduced form of caffeic acid undergoes an one electron transfer forming a semi-quinone

(B), with a standard rate constant k{ .,geic

kO

1,caffeic

A B+e +HT (5.3.1)

The formal potential of this step will be regarded as the one extracted from the
FTacV experiments, whith a potential low enough to act as an electron donor for
MtLPMO9H.

After the aforementioned first step, two other paths are possible. One is the further

oxidation of B to a quinone (C) with a standard rate constant k9 e

k,O

2,caffeic

B C+e +HF (5.3.2)

while the other one is for two semi quinones to react together to form a dimer D at
a reaction constant K.ageic

kcaffeic
9B—— D (5.3.3)

Finally the formed dimer undergoes an irreversible electrochemical oxidation with

0
a standard rate constant k3 ., geic

kO

3,caffeic

D—— >E+4e +4H" (5.3.4)

The oxidation of the possibly formed dimer was not detectable initially with the
experimental parameters used. For this reason this substance was further examined
with FTacV for Ay = 100 mV anf f = 1, 3 and 5 Hz. The corresponding 5th harmonic
is presented in the (Fig. 5.3.4). Going into further detail, the signal focuses on the
cathodic scan where a set of peaks appear around 250 mV, which is not visible during
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the anodic scan and becomes more intense as the frequency increases. This set of peaks
could be attributed to the formed dimer and is detected during the cathodic scan as
it has not been formed during the anodic scan. Moreover, if the formal potential lies
around where the extra peaks can be found, the potential different between the LPMO
and the dimer is rather marginal, making their interaction non feasible.

Thus, first step of the oxidation of caffeic acid has a formal potential that allows
the reduction of MtLPMO9H (180 mV vs 245 mV). Moreover, the formal potential is
similar to that of the ascorbic acid and the yield in non-oxidized and oxidized products
is comparable. Finally, the possible formed dimers from the anodic oxidation of caf-
feic acid cannot contribute to the reduction of MtLPMO9H as their formal potential
probably lies around 250 mV.

5.4 Pyrogallol, Gallic acid and Methyl Gallate

After caffeic acid, next up in line to be examined electrochemically are pyrogallol
(Benzene-1,2,3-triol), gallic acid (3,4,5-trihydroxybenzoic acid) and methyl gallate (Me-
thyl 3,4,5-trihydroxybenzoate). All three of them have similar structures with three
hydroxyl groups in the same positions in the benzene ring and they differ in the sub-
stutuent in one particular position. Consequently a similar mechanism is expected for
all three compounds. When reacting with MtLPMO9H pyrogallol and gallic acid gave a
higher yield of non oxidized and C; oxidized products than ascorbic acid, while methyl
gallate gave a comparable yield in C; oxidized products and lower yield in C4 oxidized
and non oxidized products when compared to ascorbic acid.

Pyrogallol

In Fig. 5.4.1 the cyclic voltammograms of a 5 mM pyrogallol solution at various scan
rates are presented. A 500 mM acetate buffer at a pH of 6 is used as a supporting
electrolyte. The scan rates examined range from 25 to 250 mV/s. The potential is
scanned from -0.3 anodically up to 1 V and then cathodically back to -0.3 V. During
the anodic scan a peak appears at about 260 mV, that increases with scan rate. More-
over, contrary to what was seen in the previous two compounds examined, a second
small peak appears more anodic than the first one. Regarding the second peak, the
explanation that the expected two electron transfer is seen in two steps with no other
reaction interfering cannot be plausible, as in such a case the second peak is supposed
to be of greater magnitude in comparison with the first one. During the cathodic scan
no peak is observed indicating consumption of the species resulting from the anodic
oxidation of pyrogallol.

Although it was stated that the second peak could not be attibuted to a second
oxidation step due to its magnitude, that would be under the circumstances that the
product of the first step was not consumed. However, since no reduction peaks are
observed, it could be safe to assume that that the product of the first step of the anodic
oxidation of pyrogallol is indeed probably dimerized as in the case of caffeic acid and
thus consumed. It is also worth noting that when the scan rate lowers, the second peak
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Figure 5.3.2: (a)-(d) 2nd through 5th harmonic of caffeic acid 2.5 mM acetate buffer
pH60.5Matv=15mV/s, f =1 Hz and Ay = 100 (black), 150 (red), 200 (blue), 250
(green) and 300 mV (magenta) at 25 °C.

diminishes, while as the scan rate increases, it becomes more and more prominent.
This indicates, that whatever can be found in the second step, becomes more intense
when the potential is swept faster and other chemical reactions do not have the time
to take place. Moreover, since the first and the second step of the oxidation are well
seperated, the intermediate reaction shall have more "room” to act and consequently
no reduction peak can be found in the reverse scan, contrary to what is seen in the
caffeic acid case. Now taking into account the work of Hotta et al. [17] in which it was
observed that more than two electrons take place during pyrogallol’s scavenging activity,
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Figure 5.3.3: Caffeic Acid oxidation pathway.

indicating the formation of dimers, as well the mechanisms supported by Ryan et al.
[18], Yamamura and Nishiyama [19] and Careganto et al. [20], indeed after the first
step of the oxidation of pyrogallol, in near neutral and basic pH values, dimerization
occurs, not letting the second step of the oxidation unfolding to its fullest.

Pyrogallol is also examined with FTacV for different frequencies at a constant ampli-
tude and for different amplitudes at a constant frequency 5.4.2(a) and (b) respectively.
The scan rate used is 15 mV/s so that a frequency of 1 Hz can be used satisfying the
independence of the experiment from the scan rate. The scanning limits are the same
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Figure 5.3.4: 5th harmonic of caffeic acid 2.5 mM in 500 mM acetate buffer pH 6 at
v=15mV/s, Ag =100 and f =1 (black), 3 (red) and 5 Hz (blue) at 25 °C.
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Figure 5.4.1: Cyclic voltammograms of 5 mM pyrogallol in 500 mM acetate buffer pH
6 at various scan rates at 25 °C. v values: 25 (black), 50 (red), 75 (blue) 100 (green),
150 (orange), 200 (magenta) and 250 mV /s (cyan).

as the ones employed for cyclic voltammetry. The first thing one can observe while ma-
nipulating both the amplitude and the frequency is that during the reverse scan a small
set of peaks appear, though they could be described rather faint in comparison to those
of the anodic scan. This is nonetheless a feature missing in the cyclic voltammograms.
It can be attributed to the fact that due to the potential perturbation during the scan-
ning, both oxidation and reduction reactions occur, thus the first step of the oxidation
of pyrogallol can be observed to some extend. Now back to the peak at the oxidation
scan. For Ay = 100 mV and f = 1 Hz what seems like a distorted 5th harmonic of a
reversible reaction can be observed. On a first glance, this asymmetry observed would
be attributed to the symmetry coefficient in a "normal” system and the deformation
would worsen as the frequency increased. However, in this case when frequency in-
creases, the system resembled more the waveform of a reversible 5th harmonic. This
suggests that what can be observed a harmonic corresponding to the reversible oxida-
tion of the first step of the oxidation of pyrogallol. At high frequencies, the increase
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Figure 5.4.2: 5th harmonic of 5 mM pyrogallol in 500 mM acetate buffer pH 6 at 25 °C
(a) for different frequencies: v = 15 mV/s, Ag = 100 mV and f = 1 (black), 5 (red) and
8 Hz (blue) (b) for different amplitudes: v = 15 mV/s, f = 1 Hz and Ay 100 (black),
150 (red) and 200 mV (blue).

of reversible reactions is more evident than that of the irreversible ones, implying that
what distorts the harmonic in the lower frequencies is an irreversible electrochemical
reaction, probably the oxidation of the formed dimer. From the dominant peak of the
anodic scan, the formal potential of the first step of the oxidation of pyrogallol can be
estimated at 86 mV vs. Ag| AgCl (KCl sat), making it possible for pyrogallol to act as
an electron donor for MtLPMO9H.

Looking at what happens when the frequency is steady at 1 Hz and the amplitude
increases, is that the deformation of the left side of the voltammogram becomes more
evident indicating that the irreversible reaction interferes even more with this part of
the harmonic. As the amplitude increases, the oxidation of pyrogallol starts earlier on
during the scan, meaning that the possible dimers can be formed earlier than when
scanning at a lower amplitude, thus interfering more intensely.

Gallic Acid

In Fig. 5.4.3 the cyclic voltammograms of a 5 mM gallic solution solution at various
scan rates are presented. A 500 mM acetate buffer at a pH of 6 is used as a supporting
electrolyte. Again, the scan rates examined range from 25 to 250 mV/s. The potential
is scanned from -0.3 anodically up to 1 V and then cathodically back to -0.3 V. The
behaviour observed is similar to that of pyrogallol. During the anodic scan a peak
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appears at about 282 mV, that increases with the scan rate. Then s second small peak
appears right after the first one at about 650 mV and during the cathodic scan no peak
is apparent. The difference with the pyrogallol voltammogram is that the first peak
is slightly sharper and slightly more anodically shifted. Thus, the same mechanism is
assumed for the explanation of the voltammogram, as expected due to their similar
structure. Moreover, Hotta et al. [17] again when it came to gallic acid they observed
that more than two electrons take place during its scavenging activity, indicating the
formation of dimers.

-0.2 0 0.2 0.4 0.6 0.8 1
E | V vs Ag|AgCl, KCl sat.
Figure 5.4.3: Cyclic voltammograms of 5 mM gallic acid in 500 mM acetate buffer pH

6 at various scan rates at 25 °C. v values: 25 (black), 50 (red), 75 (blue) 100 (green),
150 (orange), 200 (magenta) and 250 mV/s (cyan).

In Fig. 5.4.4 the 5th harmonics of a solution consisting 5 mM gallic acid in 500 mM
acetate buffer pH 6 for v = 15 mV/s, Ay = 100 mV and different frequencies are
presented. It can be seen that just like in the case of pyrogallol, when increasing the
frequency a set of peaks arise resembling that of a reversible reaction. Then, on the
right part of the harmonic, a single peak interferes, that distorts the signal less as the
frequency increases. This is probably due to the dimer that is formed and its irreversible
oxidation. Contrary to pyrogallol, what seems to be deformed now is the more anodic
side of the voltammogram, indicating that what is oxidized and interferes has a more
positive potential than the first step of the oxidation of gallic acid. Lastly, the formal
potential of the first step of the oxidation of gallic acid can be estimated from the
dominant peak of the fifth harmonic at a value of 74 mV vs. Ag| AgCl (KCl sat), again
low enough to act as an electron donor for MtLPMO9H.

Methyl Gallate

Now in Fig. 5.4.3 the cyclic voltammograms of a 5 mM methyl gallate solution at
various scan rates are presented. A 500 mM acetate buffer at a pH of 6 is used as a
supporting electrolyte. The scan rates examined range from 25 to 250 mV/s. Again,
the potential is scanned from -0.3 anodically up to 1 V and then cathodically back to
-0.3 V. The behavior observed is similar to that of pyrogallol and gallic acid with one
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Figure 5.4.4: 5th harmonic of 5 mM gallic acid in 500 mM acetate buffer pH 6 at 25 °C
for v =15mV/s, Ay = 100 mV and f = 3 (black), 12 (red) and 18 Hz (blue).

peak at 195 mV and a shoulder that could resemble a peak at 0.3 V. One would argue
that another shoulder can be found around 600 mV. Regarding the shoulder around
0.3 V it can be observed that as the scan rate increases, it becomes less and less evident,
contrary to the one at 600 mV which could be defined as more intense as the scan rate
increases. Based on the mechanism proposed for pyrogallol and gallic acid, the first
shoulder probably corresponds to the irreversible oxidation of the formed dimer during
the anodic scan, while the second is due to the second step of the oxidation of methyl
gallate. Again during the cathodic scan no peak is observed indicating that what was
produced during the anodic scan was irreversibly consumed chemically.

In Fig. 5.4.6 the 5th harmonics of a solution consisting 5 mM methyl gallate in
500 mM acetate buffer pH 6 for v = 15 mV /s, Ag = 100 mV and different frequencies
are presented. It can be seen that just like in the case of pyrogallol and gallic acid, when
increasing the frequency a set of peaks arise resembling that of a reversible reaction.
Interferences on the right side of the harmonic can be observed probably due to the
oxidation of the formed dimer. This deformation is prominent at potentials higher
thatn 250 mV, indicating that whatever is formed and is oxidized in this region, is not
eligible to act as an electron donor for MtLPMO9H. Lastly, the formal potential of the
first step of the oxidation of gallic acid can be estimated from the dominant peak of
the fifth harmonic at a value of 180 mV vs. Ag| AgCl (KCl sat), again low enough to
act as an electron donor for MtLPMO9H.

General mechanism proposed benzenetriols

Since all three compounds have a similar structure and probably follow a similar oxida-
tion path and based on the general mechanism proposed by Namamura and Nishiyama
[19] as well as the experimental findings, a proposed mechanism can be found in
Fig. 5.4.7.°

5The proposed dimer is a general form of a dimer that could occur from the reactions and not an
experimentally confirmed one. The correct structure is a matter of discussion and the present form
serves only an indicative dimer that could possibly occur.
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Figure 5.4.5: Cyclic voltammograms of 5 mM methyl gallate in 500 mM acetate buffer
pH 6 at various scan rates at 25 °C. v values: 25 (black), 50 (red), 75 (blue) 100 (green),
and 200 mV (magenta).
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Figure 5.4.6: 5th harmonic of 5 mM gallic acid in 500 mM acetate buffer pH 6 at 25 °C
for v =15 mV/s, Ag =100 mV and f =1 (black), 3 (red) and 5 Hz (blue).
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Figure 5.4.7: Indicative oxidation pathway of pyrogallol, gallic acid and methy gallate.
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At first the reduced form of the polyphenol undergoes an one electron transfer

. . . . O
forming a semi-quinone (B), with a standard rate constant k7 1o nenol

0
kl,polyphenol

A< ~B+e +HT (5.4.1)

Then, again two other paths are possible. One is the further oxidation of B to a

quinone (C) with a standard rate constant &9 ;i

k,()

2,polyphenol

B< ~C+e +HF (5.4.2)

while the other one is for two semi quinones to react together to form a dimer D at
a reaction constant kpolyphen01

kpolyphenol
2B—— D (5.4.3)

Finally the formed dimer undergoes an irreversible electrochemical oxidation with

0
a standard rate constant k3 o1 onenol

k[)

3,polyphenol

D >E + de” + 4H" (5.4.4)

The formal potential of the first step of all the 3 polyphenols examined in this section
are estimated at values which render the reaction of the reduction of MtLPMO9H
feasible. However, what changes between these 3 is the potential that the possibly
formed dimer probably appears. For gallic acid and pyrogallol, the deformation extra
anodic peaks appear at potentials lower than that of MtLPMO9H, meaning that the
formed dimers can thermodynamically act as an electron sink for the enzyme as well.
This can explain the higher yields in C; oxidized products for these two in comparison
to ascorbic acid. On the other hand, regarding, methyl gallate which showed similar
yields with ascorbic acid in C; oxidized products, the indications showed that the formed
dimer could not act as an external electron donor for the LPMO.

5.5 Sinapic Acid

Next up in line for examination is sinapic acid (3-(4-hydroxy-3,5 -dimethoxyphenyl)
prop- 2-enoic acid). When examined as a donor for MtLPMO9H it gave a 15-34% ac-
tivity in comparison to ascorbic acid regarding the non-oxidized and oxidized products.
An anodic oxidation path of sinapic acid has been proposed by Nishiyama et al. [21].
The first step is an one electron oxidation of the sinapic acid forming a radical (B),

: 0
with a standard rate constant k7 gpic;

/{30

1,sinapic

A

B+e +H" (5.5.1)
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The two formed radicals react together forming a dimer (C) undergoing an in-
tramolecular transformation to a more stable form. This form can be further oxidized
in an irreversible reaction to its final form E at a standard rate constant kY

2,sinapic?
kl,sinapic
2B——>C (5.5.2)
kQ,sinapic
C— 5D (5.5.3)
kg,sinapic
D— >E+2 + 20" (5.5.4)

In Fig. 5.5.2 the cyclic voltammograms of 1 mM sinapic acid at various scan rate
are presented. A 500 mM acetate buffer at a pH of 6 is used as a supporting electrolyte.
The scan rates examined range from 50 to 150 mV /s. The potential is scanned from -0.2
anodically up to 0.8 V and then cathodically back to -0.2 V. Two peaks seem to appear
at all scan rates with second more prominent than the first one. The first peak shall
be attributed to the reaction from Eq. (5.5.2) while the second to that of Eq. (5.5.4).

In Fig. 5.5.3 the 5th harmonics resulting from FTacV performed on 1 mM sinapic
acid in 500 mM acetate buffer pH 6 at 25 °C for v = 10 mV/s, Ay = 150 mV at
different frequencies are depicted. Again at the highest frequency examined one can
relatively clearly see a quasi-reversible reaction arising which shall be attributed to
the first step of the oxidation of sinapic acid. Then, what seems like an irreversible
second reaction appears which shall be attributed to the oxidation of the dimer. The
formal potential of the first step is estimated at 120 mV vs. Ag| AgCl (KCI sat) which
makes it a valid electron donor for an MtLPMO9H. However, no clear information
regarding can be obtained for the irreversible oxidation of the dimer, even though from
the deformation of the FTac voltammogram of the first step at more anodic potentials,
it could be concluded that its formal potential lies higher than a value 250 mV, thus
making it rather difficult, if not non feasible, for an interaction between sinapic acid
and MtLPMO9H to occur. Consequently thermodynamically, one could say that from
the first step of the oxidation of sinapic acid, LPMO can thermodynamically obtain
electrons, however, during the formed dimer is probably not in the position to contribute
to the enzyme’s reduction.
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Figure 5.5.1: Sinapic oxidation pathway.
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Figure 5.5.2: Cyclic voltammograms of 1 mM sinapic acid in 500 mM acetate buffer pH
6 at various scan rates at 25 °C. v values: 50 (black), 75 (red), 125 (blue) and 150 mV
s7! (green).
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Figure 5.5.3: 5th harmonic of 1 mM sinapic acid in 500 mM acetate buffer pH 6 at
25 °C for v =10 mV/s, Ay = 150 mV and f = 3 (black), 5 (red) and 7 Hz (blue).
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5.6 Syringaldehyde

The next phenolic compound to be examined is syringaldehyde (4-Hydroxy-3,5- dime-
thoxybenzaldehyde) which gave a yield of 20% yield of oxidized products compared to
ascorbic acid when reacting with FoLPMO9. The unexpected thing about this com-
pound is that its electroactive behavior did not resemble the precious molecules studied.

The voltammograms of syringaldehyde at different scan rates appear in Fig. 5.6.1.
A 500 mM acetate buffer pH 6 is used as a supporting electrolyte. The potential
is scanned from -0.2 anodically to 0.8 V and then back to -0.2 V. While scanning
anodically, a shoulder appears around 0.2 V and then a clear peak around 0.34 V.
Going back cathodically during the reverse scan, a rather clear peak appears at -0.3 V.
As one can observe the oxidation and reduction peaks are very close to each other.
The mean distance of the oxidation and reduction peaks are 31 mV with a standard
deviation at 6 mV. This is a clear indication of a 2 electron reversible reaction as the
criteria for one to be characterized as such in the case of a free in a solution species is
that the oxidation and the reduction peak should have a distance 29 mV. The formal
potential of this reaction is estimated at 329 mV. The mystery remains on what is the
first shoulder.

FTacV experiments were also performed on syringaldehyde but did not give more
information as the second reaction was dominant again overshadowing the first one.
The results thus are not presented since they would not add anything to the analysis.

Regarding the mechanism of the oxidation of syringaldehyde Kawai et al. studied
the oxidation of methoxylated benzyl alcohol in the presence of a laccase from Cori-
olus wversicolor in the presence of syringaldehyde and by studying the products of the
reactions, they proposed a mechanism of the oxidation of syringaldehyde [22]. Based
on what they reported in combination a reaction scheme is proposed in Fig. 5.6.2.

0.06
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Figure 5.6.1: Cyclic voltammograms of 2 mM syringaldehyde in 500 mM acetate buffer
pH 6 at various scan rates at 25 °C. v values: 25 (black), 50 (red), 75 (blue), 100 (green)
and 150 mV (magenta).

The first shoulder found in the cyclic voltammogram is probably attributed to the
oxidation of of syringaldehyde (A) to a phenoxy radical (B), with a standard rate
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Figure 5.6.2: Syringealdehyde oxidation pathway.

constant k:%syring. In case this is indeed a reversible reaction, based on the shoulder of
the voltammograms which could corresponds to the oxidation peak, the formal potential
of the first step should be found somewhere around 230 mV, marginally lower than the
formal potentials of an LPMO, thus making it rather difficult, if not non feasible, for
an interaction between sinapic acid and MtLPMO9H to occur,

kZO

1,syring

A B+e +H" (5.6.1)

In the next step the phenoxyl radical (B) is converted to 2,6-dimethoxy-p-hydroquinone
(©),

ksyring

B——»C (5.6.2)

Then the 2,6-dimethoxy-p-hydroquinone (C) can be reversibly oxidized to 2,6-dimethoxy-
p-benzoquinone (D),

kO

2,syring

C

D+ 2 +2H* (5.6.3)
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5.7 Donors that did not work sufficiently

Moving on, we shall proceed with the phenolic compounds that did not work as elec-

tron donors with MtLPMO9H, giving no yield in oxidized products. These are fer-

ulic acid ((2E)-3-(4-hydroxy-3-methoxyphenyl)prop-2-enoic acid), vanillin (4-Hydroxy-

3-methoxybenzaldehyde), p-coumaric acid ((2E)-3-(4-Hydroxyphenyl)prop-2-enoic acid),
p-hydroxybezoic acid and vanillic acid (4-Hydroxy-3-methoxybenzoic acid). The voltam-
mograms of all these compounds are presented alltogether at different scan rates under

the same condition in Fig. 5.7.1.

Starting with ferulic acid, the cyclic voltammograms can be found in Fig 5.7.1 (a).
The scanning starts at -0.3 V ending at 1.0 V and then going back to 0.3 V. The
concentration of ferulic acid is 2.5 mM and the supporting electrolyte is a 500 mM
acetate buffer pH 6. Only one broad peak is observed at a potential value of 0.46 V -
quite higher that the peaks observed in the previous compounds. Assuming a kinetic
scenario similar to the ones for the other phenolic compounds examined, that is a
first step as an oxidation to a semi-quinone and a subsequent dimerization, the FTac
voltammograms presented in Fig. 5.7.2 could be explained. A deformed oxidation peak
appears around 0.25 V but not many conclusions can be reached. In this compound, the
reverse scan is quite visible compared to the previous substances examined and a rather
clear 5th harmonic is visible. If we consider it to correspond to the quasi reversible
reduction of the first step of the mechanism, the formal potential is then calculated at
240 mV, a value higher than the ones of the other electron donors examined in this
work. This potential comes close to the value of the potential of MtLPMO9H, thus
explaining possibly lack of interaction.

Regarding the rest of the compounds examined, looking the voltammograms exam-
ined in Fig. 5.7.1, the oxidation of all of them starts at potentials considerably higher
that (=400 mV) of those that worked with FoLPMOO9A and their oxidation peak can
be found at potentials higher that 500 mV. This is an indication that these compounds
give electrons more difficult. Morever it is an indication that their formal potential
is higher that the one of the LPMOs, thus making it imposible to work as electron
donors. Supplementary claims to this is again the work of Hotta et al. in which ferulic
acid, p-coumaric acid, p-hydroxybenzoic acid and vanillic acid showed lower electron
scavenging activities indicating lower reducing capacitance [17].

5.8 Lignin as an electron donor

In this section of the thesis we shall examine the interaction of MtLPMO9H with lignin
isolated from wheat straw as an electron donor. Again the substrate that shall be used
is PASC. The wheat straw used in this work was pretreated hydrothermally in a micro-
wave digestion equipment at 195 °C for 15 min as described in the work of Matsakas
and Christakopoulos [23]. The treated lignin will be referred to as HT-A-WS.

The feasibility of the reaction of MtLPMO9H with HT-A-WS as an electron donor
and PASC as a substrate was ascertained with the use of HPAEC-PAD. The enzyme was
incubated with HT-A-WS at a concentration of 3 % w/v in a 400 mL final concentration
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Figure 5.7.1: Cyclic voltammograms of 5 mM of phenolic compounds that did not work
sufficiently as electron donors to FoLPMO9A in 500 mM acetate buffer pH 6 at 25 °C
at different v values. 25 (black), 50 (red), 75 (blue) 100 (green), and 200 mV s™*
(magenta) (a) ferulic acid (b) vanillin (¢) p-coumaric acid (d) p-hydroxybenzoic acid
(e) vanillic acid.
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Figure 5.7.2: 5th harmonic of 2.5 mM ferulic acid in 500 mM acetate buffer pH 6 at
25 °C for v = 20 mV/s, f = 1 Hz and Ay = 100 (black), 150 (red), 200 (blue), 250
(green) and 300 mV (orange).
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Figure 5.8.1: HPAEC-PAD elution patterns of PASC after a 24 h incubation with
MtLPMOO9H (30 mg/g substrate) without (black) and with HT-A-WS (red).

reaction volume. The enzyme loading was 30 mg of enzyme per g of substrate. The
buffer used was a 100 mM phosphate citrate buffer at a pH value of 6. The incubation
took place at 50 °C for 24 h under agitation at 1100 rpm. A blank measurement was
also run in the absence of lingin.

The HPAEC-PAD elution pattern is presented in Fig. 5.8.1, where, C;, C4 and C;-
C4 products are indicated in the figure. It is rather obvious that HT-A-WS worked as
an electron donor for MtLPMO9H.

As a next step HT-A-WS was studied electrochemically. The lignin was immobilized
on a 1 mm diameter glassy carbon disk electrode. It was first dissolved in absolute
ethanol at a concentration of 2 x 1072 mg/mL. 1 uL of this solution was left to dry on
the surface of the electrode for a few minutes. This procedure was repeated two more
times to increase the surface concentration of the lignin. After that 1 uL of Nafion™
was left to dry above the lignin on the electrode surface for few minutes.

The cyclic voltammograms of HT-A-WS immobilized on a glassy carbon electrode



260 5.8. Lignin as an electron donor

200

100 |

I/ nA
(e]
I

-100

-200 | L | L | L | L | L | L
-0.4 -0.2 0 0.2 0.4 0.6 0.8

E/V vs Ag|AgCl, KCI sat.

Figure 5.8.2: Cyclic voltammograms of immobilized HT-A-WS on a glassy carbon
electrode using Nafion™ in a pH 5 0.1 M tartrate buffer at 50 °C for v = 10 (black),
20 (red), 50 (blue), 70 (green) and 100 mV s~!. (magenta).

in a pH 5 0.1 M tartrate buffer at 50 °C is presented in Fig. 5.8.2. Before recording
these voltammograms, about 10 cycles were performed at 100 mV /s, until a stable
cyclic voltammogram was achieved. The potential is scanned anodically from -0.4 to
0.7 V and then cathodically back to -0.4 V. During the anodic scan for v = 10 mV
s~! the anodic peak appears at 0.357 V and shifts towards more anodic potentials as
the scan rate increases while the cathodic peak appears at 0.281 V and shifts to more
cathodic potentials as the scan rate increases.

Regarding the interpretation of the voltammetric behaviour of lignin contains 15-30
free phenolic OH groups per 100 of Cy units in softwoods and 10-15 groups in hardwoods
[21]. When oxidation of this phenolic hydroxyl group occurs, the first step is the
formation of a phenoxy radical I followed by de-methoxylation and formation of an
o-quinone II. Phenoxy radicals can also recombine and form new C-C and O-O bonds
leading to cross-link-ing of the lignin structure [25]. The redox peak is attributed to
the quinone/hydroquinone couple.

In order to get an estimation of the apparent formal potential of FTacV was also
performed for Ay = 110 mV, v = 50 mV s™! and f = 12.3 Hz. the 5th harmonic
is presented in Fig.5.8.3. From the dominant peak of the 5th harmonic, the apparent
formal potential is estimated at 346 mV, a value higher that the one of MtLPMOY9H,
making it thermodynamically impossible for the lignin to give electrons to the enzyme.
This lack of feasibility of the reaction between the lignins and the LPMOs based on
the calculated formal potentials does not exclude the possibility of another oxidation
path of the lignins that is not detectable electrochemically. Additionally, it has been
proposed that the exchange of electrons between the lignin and the LPMOs is not direct
but occurs through the use of lower molecular weight compounds [20].

To further ascertain that the LPMOs are indeed capable of utilizing the phenolic
compounds released in the reaction medium,more experiments was conducted. HT-
A-WS lignin was incubated either alone or in the presence of MtLPMO9H in cit-
rate—phosphate buffer 100 mM pH 5 for 24 h at 50 °C under agitation and the reaction
mixtures were then centrifuged. The supernatants were collected and analyzed with
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Figure 5.8.3: 5th harmonic of immobilized HT-A-WS on a glassy carbon electrode
using Nafion™ in a pH 5 0.1 M tartrate buffer at 50 °C for v = 50, Ay = 110 mV and
f=12.3 Hz.

cyclic voltammetry and FTacV.

The supernatant after the lignin incubation without the enzyme (supernatant 1)
was immobilized on the glassy carbon electrode. Both cyclic voltammetry and FTacV
were performed under the same conditions as for the immobilized lignins.

To further ascertain that the LPMOs are indeed capable of utilizing the phenolic
compounds released in the reaction medium,more experiments was conducted. HT-
A-WS lignin was incubated either alone or in the presence of MtLPMO9H in cit-
rate—phosphate buffer 100 mM pH 5 for 24 h at 50 °C under agitation and the reaction
mixtures were then centrifuged. The supernatants were collected and analyzed with
cyclic voltammetry and FTacV.

The supernatant after the lignin incubation without the enzyme (supernatant 1) was
immobilized on the glassy carbon electrode. Both cyclic voltammetry and FTacV were
performed under the same conditions as for the immobilized lignins. In Fig. 5.8.4(a),
the cyclic voltammograms of supernatant 1 are depicted at different scan rates and
it is evident that a second redox peak couple appears around 20 mV apart from the
one around 300 mV, that is the one corresponding to the redox couple observed at the
voltammetric experiments of HT-A-WS immobilized on the electrode surface.

FTacV was also performed on supernatant 1 (Fig. 5.8.5) and comparing it to the
5th harmonic of HT-A-WS (Fig.5.8.3) a second set of peaks is arising at around 20 mV
in the supernatant, reinforcing the indication of the cyclic voltammogram that a second
redox peak appears. These results indicate that some electroactive compounds, possibly
from the bulk lignin structure could be released in the solution during the incubation
and the electron transfer is possible through them. With the potential of the second
redox couples more negative than that of MtLPMOO9H, one could assume that the
reduction of the LPMO by the lignin is indeed feasible. The supernatant of lignin
incubated with MtLPMOO9H (supernatant 2) is also analyzed with cyclic voltammetry
under the same conditions (Fig. 5.8.4(b)), showing that the second redox couple is less
evident, indicating that the couple has reacted and been consumed (oxidized). The
results indicate that LPMOs are capable of oxidizing the lignin-derived electroactive
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Figure 5.8.4: Cyclic voltammograms of supernatants after (a) lignin and (b) lignin in
the presence of MtLPMO9H incubation in 0.1 M phosphate-citrate buffer pH 5 for 24 h
at 50°C, at 30 (black), 60 (red), 100 (green), 150 (orange) and 200 (magenta) mV/s in
deaerated 0.1 M pH 5 tartrate buffer at 50°C

compounds released in the reaction, is a thermodynamically feasible process, indicating
that these compounds act as the initial reducing agents that trigger the action of the
enzymes.

Both supernatants and precipitates were tested as electron donors for MtLPMO9H,
with PASC as a substrate using HPAEC-PAD. Looking at the elution patterns in
Fig. 5.8.6 one can observe that the supernatant can act as a reducing agent and sup-
port the release of oxidized sugars from PASC. The sugars yield was much lower when
lignin was used, which is attributed to the consumption (oxidation) of the free phenolic
compounds that terminated the reaction. Interestingly, when the lignin precipitate was
used, only traces of oxidized sugars are detected. These results lead to the assumption
that LPMOs do not use directly the bulk lignin as an electron donor, but the small
molecules that are possibly released in the buffer instead.
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Figure 5.8.5: 5th Harmonic of supernatant 1 immobilized on a glassy carbon electrode
with the use of Nafion™ for v = 50, Ay = 110 mV and f = 12.3 Hz in deaerated 0.1 M
pH 5 tartrate buffer at 50°C.

T I
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Figure 5.8.6: HPAEC-PAD elution patterns: PASC after a 24 h incubation with
MtLPMO9H (30 mg/g substrate) without lignin (black). Lignin was pre-incubated
in buffer for 24 h, then the supernatant was added to PASC together with MtLPMO9
and incubated for another 24 h(red). Lignin was pre-incubated in buffer for 24 h, then
the precipitant was added to PASC together with MtLPMO9H and incubated for an-
other 24 h (green). PASC was pre-incubated with lignin for 24 h, then MtLPMO9 was
added and incubated for another 24 h (blue).
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6. Interaction of TtLMCO1 with epinephrine

The scope of the chapter is to immonibilize a laccase like multi copper oxidase from
the fungus Thermothelomyces thermophila in order to achieve direct electron transfer
and then examine its interaction with a neurotransmitter as a substrate. The enzyme
examined is TtLMCO1 which has been recently been expressed and purified [1].

Beginning this chapter, an introduction to the multicopper oxidases and laccases
shall be made, regarding their mechanisms as well as their exploitation up to now,
regarding electrochemical studies with direct electron transfer.

Experimentall, after its electrochemical activity is ascertained while immobilized on
a pyrolytic carbon electrode with Nafion™ as an immobilization matrix, the electro-
chemical behavior of free in the solution epinephrine is examined on both glassy carbon
and pyrolytic carbon electrode. Finally, the interaction of the immobilized enzyme and
the free in the solution epinephrine - acting as a substrate - is studied. Also the ap-
plication of the theory of probing an immobilized redox enzyme reacting with a free in
the solution substrate following a Michaelis-Menten kinetic scheme is examined.

6.1 Multicooper oxidases

Multicopper oxidases (MCOs) comprise a rather diverse group of enzymes that couple
the oxidation of a variety of substrates to the reduction of molecular oxygen using Cu
ions as cofactors [2, 3].

The main components of their active center are [3, 4]

e One “blue”! type 1 (T1) Cu center
e One trinuclear cluster including;:

— A “normal” mononuclear type 2 (T2) Cu site

IThe T1 Cu center is referred to as "blue” due to its strong absorption at 600 nM in the UV-Vis
spectrum [5]

267
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Figure 6.1.1: Schematic representation of MCO mechanism.
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Figure 6.1.2: Schematic representation of the active center of a MCO.

— A binuclear type 3 (T3) Cu center, binding and reducing O

Regarding its mechanism, the mononuclear T1 Cu accepts electrons from a wide
variety of phenolic substrates transferring the trinuclear center. Then molecular oxygen
binds to the trinuclear centre and, following the transfer of four electrons, is reduced to
two molecules of water [6]. A more vivid illustration of this mechanism can be found
in Fig. 6.1.1.

For purely informative reasons, let us take a close look at the structure of the active
center of a MCO, see Fig. 6.1.2. The T1 copper has a distorted tetrahedral coordination
with three ligands (one cysteine and two histidines), while the T2 copper is generally
coordinated by two histidines and a water or hydroxide ion. T3 copper is coordinated
by three histidines. A T2 copper ion and a pair of T3 copper ions form a trinuclear
copper cluster (TNC), which is the active site for Oy reduction. A hydroxyl ion bridges
the T3 copper ion pair.

Some of the main MCO classes are:

e Ceruloplasmin - EC 1.16.3.1 - (ferroxidase), a 6-domain enzyme oxidizing different
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inorganic and organic substances

e Laccase - EC 1.10.3.2 - (p-benzenediol: oxygen oxidoreductases), a 3-domain
enzyme which oxidizing different phenols and diamines.

e Ascorbate oxidase - EC 1.10.3.3 -, a 3-domain enzyme. Its main substrate is
ascorbic acid

e Nitrite reductase - EC 1.7.2.1 -, a 2-domain enzyme containing type-1 and type-2
copper centres.

Of these categories we shall pay a bit more attention to the laccases, as the enzyme
examined in this work is laccase-like oxidase. A few introductory information shall be
provided and then a quick overview of the electrochemical study of laccases will be
presented.

6.1.1 Laccases overview

Laccases(E.C. 1.10.3.2, p-benzenediol: oxygen oxidoreductases) are multicopper oxi-
dases which catalyze the oxidation of various phenolic compounds as well as amines
while simultaneously catalysing the reduction of molecular oxygen to water. They are
mostly encountered as monomeric, secreted glycoproteins, around 60-70 kDa in size,
with acidic pI [7]. Up to now, laccases have been encountered in a variety of organ-
isms, such as bacteria, fungi, plants and insects [3]. Thermostable laccases have been
isolated from Basidiomycetes, Ascomycetes and bacterial species. More information on
thermostable laccases can be found in [9].

Laccases of fungal origin, as the one examined in this work, are mainly extracellu-
lar , and they are involved in a number of different physiological processes, including
wood degradation and delignification, virulence, pathogenesis, pigmentation, and fruit-
ing body formation [10].

Regarding their active center’s structure, they follow the typical coordination of a
MCO as described above. Regarding some more specific characteristics of laccases, the
topology of the T1 copper-binding site is formed by two His? and one Cys® equatorial
residues in trigonal coordination with the Cu atom, and two additional weakly— or
non-coordinating residues in an axial position [11]. A Met* is usually found in one
of these axial ligands of low redox potential, E°, around 0.3 to 0.5 V versus normal
hydrogen electrode (NHE) bacterial and plant laccases, coordinating to the T1 copper
center, contrary to most fungal ones, which include a Leu® or Phe® [7, 12]. The existence
of Met as a fourth coordinating axial ligand at the T'1 Cu center, or its replacement by
a Phe or a Leu, might affect, to a certain extent, the E° of the enzyme. Laccases with
non-coordinating residues at this position generally have higher E°, and they are thus

2Histidine
3Cysteine
4Methionine
5Leucine
SPhenylalanine
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capable of oxidizing a wider array of substrates [I1]. High E° basidiomycete laccases
(0.5 - 0.8 V versus NHE) usually have a Phe, and medium E" ascomycete laccases (0.4
- 0.7 V versus NHE) have Leu [13, 11]. However, this observation is not to be taken
as a general rule, since for example, the M. thermophila laccase, containing Leu in this
position, has still a lower E° than Bacillus subtilis CotA laccase [14].

When it comes to their study with electrochemical methods, one of the first attempts
to achieve direct electron transfer, i.e. reduction on an electrode material, of a laccase
was when a laccase was absorbed on a pyrolytic carbon electrode surface. This was
reported by Lee et al. in 1984 while examining the catalysis of oxygen [15]. Later, in
1998 the blue copper oxidase from Polyporus versicolor was abdorbed on an edge plane
pyrolytic carbon electrode [16]. Again, the reduction of molecular oxygen was examined
and the laccase modified electrode was also tested under anaerobic conditions.

Other studies revealing direct electron transfer between a laccase confined on an
electrode surface include cyclic voltammetry on a laccase purified from acetone-dried
powder from the lac” of the Japanese lacquer tree Rhus vernicifera embedded within
a polymeric film of an anionic exchange resin containing tributylmethyl phosphonium
chloride (TBMPC) bound to polystyrene, cross-linked with 1% (w/v) divinylbenzene
[17]. In this work a E° of about 400 mV vs NHE is reported at a pH value of 7. Typical
problems of high capacitance currents are clearly stated in this work.

In 2005 Shleev et al. reported direct electron transfer from a laccase originating from
the fungus Trametes hirsuta on a capillar gold electrode with the enzyme free in the
solution. The concentration of the enzyme used was rather high at a value of 10 mg/mL.
In the voltammograms no evident peaks arised, with only the backgroung current being
visible in the absence of a O5. Nevertheless, when the molecular oxygen was present, the
background current was somewhat deformed resembling sigmoidal currents, indication
of a reaction occuring between the enzyme and the molecular oxygen [18].

Another interesting work on the intermolecurlar electron transfer of laccases is that
of Ivnitski and Atanassov [19]. A laccase from Trametes versicolor is examined while
immobilized on a carbon electrode using a matrix of glutaraldehyde and a cationic
polyethylenimine (PEI) polymer. With the use of cyclic voltammetry two sets of peaks
were detected with the first one being attributed to the T2/T3 center at 250 mV vs
Ag|AgCl, 3 M KCl and the second one to the T1 center at ~ 540 mV.

In another work, the His-Tag of a recombinant laccase was exploited for the im-
mobilization of the enzyme on a gold surface covered by NTA-terminated alkanethiols
[20].

More recent research examining on direct electron transfer of laccases has focused
on more applied approaches such as the use of laccases in biosensing for the detection
of various phenolic compounds, giving less significance ot the mechanistic aspect and
kinetics of the immobilized laccases [21, 22].

Taking into account that direct electron transfer of laccases is indeed possible, a
laccase-like multicopper oxidase from Thermothelomyces thermophila shall be examined
in this work.

"Lac is the resinous secretion of a number of species of lac insects, of which the most commonly
cultivated is Kerria lacca.
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6.1.2 TtLMCO1

Before moving to the experimental section of this Chapter, a few details of TtLMCO1
shall be noted as published recently [I]. TtLMCO1 was isolated first by A. Zerva
et al. This LMCO originated from the thermophilus fungus Thermothelomyces ther-
mophila and was expressed in Pichia pastoris using the vector pPICZaA® Various
substrates were reported to have been tested in the publication including cathechol, 2,6
dimethoxyphenol, pyrogallol, guaiacol, L-DOPA, ABTS and L-ascorbic acid.

Other tested substrates such as epinephrine, showed somewhat promising results
but still its substrate range was deemed rather narrow.

Its molecular weight was estimated at 75 kDa with SDS-Page gel electrophoresis
and the pl value was found at a value of 4. Its optimum temperature for enzymatic
activity towards ABTS? as a reference was found to be at 50°C, while its optimum pH
was at a value of 4. Thus, it was classified as a thermophilic acidic enzyme.

Most of its activity was found to be kept at high salt concentrations ', an impor-
tant factor, as the supporting electrolyte in electrochemical experiments requires rather
high salt concentrations so as to avoid incompensated resistance and electromigration
currents.

6.2 Experimental Process

Voltammetric experiments were performed in a single compartment three electrode
cell consisting of a disk pyrolytic graphite electrode (PGE) (Alfa Aesar) as working
electrode, a Pt wire as a counter electrode (ALS Co.), and a Ag|AgCl, KCI sat. refer-
ence electrode (+0.197 V vs NHE) (ALS Co.). The aqueous solution of about 20 mL
consisted of 0.5 M acetate buffer (various pH) as supporting electrolyte. The sodium
acetate was purchased by Panreac and the acetic acid by Chem-Lab NV. Nafion™
perfluorinated resin solution used in the experiments concentration was 5 wt% in lower
aliphatic alcohols and water (Aldrich).

Voltammetric measurements were performed by a PAR 362 Potentiostat connected
to a Rigol DS1047Z, which was used as a sinusoidal perturbation generator. All solutions
were deaerated for at least 10 min before the experiments in order to avoid oxygen
reduction on the electrode surface or even possible catalytic currents. Nitrogen gas was
also purged over the solution during measurement. The temperature of the cell was
kept at a specific value during measurement with the use of a thermostated bath. The
temperature of the cell was recorded during the measurement, in order to assure that
it remained constant.

The enzyme TtLMCO1 was produced and purified to homogeneity as described in
the previous chapter. More information can be found here [23]. After the purification
the enzyme was divided in aliquots of 500 pul. and was stored at -15 °C until used.

8The experimental procedure for the expression in pPICZaA is the same as the one described for
pPICZaC in the previous chapter. The difference is that 0.25 mM of CusSOy are added in the main
culture for the expression of this particular enzyme.

92 27-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid.

100.1 M NaCL
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Each aliquot was stored for a maximum time of 5 days at 4 °C after its first use. The
concentration of the purified enzyme was about 1.5 mg/mL. The pyrolytic graphite
electrode was polished on a cloth with the use of a 0.3 pm alumina, after it was polarized
in HCIO, for 10 min at -2.5 V. The electrode was then washed with distilled water and
subsequently sonicated in distilled water for 5 min. After the sonication, the electrode
was again washed with distilled water. An enzyme volume mixed with Nafion™ in a
volume ratio of 1:1 was left on the surface of the pyrolytic graphite electrode to dry
for about 15 min at room temperature. The amount of enzyme-Nafion™ mixture was
10 pLb and by taking into account the molecular weight 75 kDa of the TtLMCO1 and
the electrode surface of 0.48 cm?, an estimate for the maximum surface concentration
was calculated at 1 x 107!% mol/ecm?. The activity of the enzyme before immobilization
was assayed with ABTS substrate and was found 3.33 £ 0.21 U/L as described in the
work of Zerva et al. [1] at room temperature.

All experiments were repeated three times and all epinephrine solutions were freshly
prepared before each set of experiments.

6.2.1 Pyrolytic Carbon surface determination

TtLMCO1 was immobilized on a pyrolytic carbon electrode. The choice of this material
was based on the fact that in some works it was reported that laccases can be absorbed
on such an electrode [15, 16]. Other attempts were made with the use of glassy carbon
electrode as well as a plate gold electrode, but the efforts did not give off results that
were convincing enough to insist and carry on with these materials.

Since the surface of pyrolytic carbon is not even, the geometrical one does not
coincide with the real electroactive surface. And since it is useful to convert current
values to current densities by dividing with the real surface area of an electrode, as a
first step in this study, the surface is estimated. For this, linear sweep voltammograms
of 5 mM [Fe(CN)g]*~ in 1 M NapSO, at T = 25 °C for different scan rates is performed
between 0.7 and -0.2 V. The voltammograms are presented in Fig. 6.2.1(a) for scan
rated of 5, 10, 25, 50 and 100 mV/s. Higher values of scan rated were not used, as
the system started deviating from reversible kinetics. Based on the Randles-Sevcik
equation

I, = 2.69 x 10°n*2SDY2C, 0 /? (6.2.1)

and the value of the diffusion coeffient found in the literature D,, = 0.896 X
107 cm?/s, the surface area S shall be estimated. By plotting the reduction peaks
against the inverse square root of the respective scan rate, Fig. 6.2.1 (b), the resulting
electroactive surface is estimated at 0.48 cm?. Thus, from now on, all current densities
presented in this chapter when pyrolytic carbon is used a working electrode will have
been calculated based on this value.

6.2.2 TtLMCOL1 electrochemical activity ascertation

After having estimated the working electrode surface area, the next step of the exper-
imental procedure is to ascertain if direct electron transfer is feasible by immobilizing
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Figure 6.2.1: (a) Linear sweep voltammograms of 5 mM [Fe(CN)g]*>~ in 1 M Na2S04
at T'= 25 °C with pyrolytic carbon as a working electrode for v = 5 (black), 10 (red),
25 (blue), 50 (green) and 100 mV/s (magenta) (b) peak current I, against the inverse
scan rate v—/2 together with the corresponding linear fit.

TtLMCOL1 on a pyrolytic graphite electrode surface.

The 5th harmonic component of FTacV voltammograms for different tempera-
tures of TtLMCO1 immobilized with Nafion™ on pyrolytic graphite, are presented
in Fig. 6.2.2. The potential is scanned from 0.6 to -0.2 V at an Ay value of 300 mV
and a frequency f value of 5 Hz. The scan rate used is 20 mV /s and the experiment is
considered independent of this parameter.

The dominant peak presented is rather clear for both the oxidation and the reduction
and it can be observed that its magnitude decreases as the temperature rises. This could
be attributed to the immobilization in a Nafion™ matrix which might not be the ideal
one for this enzyme while entrapped in this particular polyelectrolyte, since it might be
partially denaturated as the temperature increases. It can nevertheless be ascertained
that direct electron transfer is indeed feasible between TtLMCO1 and the pyrolytic
graphite electrode. The redox action monitored is attributed to the copper in the T1-
site of the enzyme which is responsible for the oxidation of the substrates interacting
with laccases.

From the values of the dominant peak, the formal potential EJ " at each examined

1Tt is reminded here that EY

orp refers to the E% value which is affected by the immobilization matrix.
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Figure 6.2.2: Experimental results: 5th harmonic of TtLMCO1 immobilized with
Nafion™ on a pyrolytic graphite electrode in acetate buffer 500 mM pH 5. f = 5 Hz,
Ap =300 mV, v =20 mV/s and T = 30 (black), 35 (red), 40 (green) and 45 °C (blue).

Table 6.1: EQI’JP for TtLMCO1 immobilized on a pyrolytic graphite electrode with the
use of Nafion™ for f =5 Hz, v = 20 mV/s and Ay = 330 mV in deaerated 500 mM
acetate buffer pH 5. Potential values are versus NHE.
T (°C) | E,;, (mV)
30+1| 317+5
3b+1| 324 +£2
40+ 1| 313+ 8
45+ 1 | 317 £ 12

201 295 £5

temperature along with their standard deviations can be found in Table 6.1. The
presented values are versus the normal hydrogen electrode (NHE). The correction for
the temperature change of the reference electrode is also taken into account [24]. No
significant change in the potential value is observed to 45 °C while there is a shift of
about 20 mV at 50 °C. Acidic pH values are also examined at 30 °C and are presented
in Table 6.2. Decrease in the pH values indicate a shift of the formal potential to more
anodic values. This temperature and pH ranges were chosen considering the enzyme’s
stability and catalytic activity while free in a solution [].

By taking into consideration the correction of the apparent formal potential from
Eq. (4.3.1) the apparent formal potentials from Tables 6.1 and 6.2 are corrected in
Tables 6.3 and 6.4.

The redox potential of laccases and related multicopper oxidases covers a wide range
of values, from low (340-430 mV) plant laccases from Cucurbita pepo and Rhus ver-
nicifera respectively [25] to middle-redox potential laccases (465 mV for Thermoth-
elomyces thermophila blue laccase [20]), up to high-redox potential Basidiomycete lac-
cases, such as 650 mV for Pleurotus ostreatus laccase [27], and 790 mV for laccases from
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Table 6.2: Egl’) for TtLMCO1 immobilized on a pyrolytic graphite electrode with the
use of Nafion™ for T'= 30 °C, v = 20 mV /s and Ay = 300 mV in deaerated 500 mM

acetate buffer for various pH values. Potential values are versus NHE.

pH | By, (mV)
5+01 | 317+5
46+0.1| 359 + 3
4401 | 38245
36+01| 425+6
31401 446 + 2

Table 6.3: Corrected formal potentials for TtLMCO1 immobilized on a pyrolytic
graphite electrode with the use of Nafion™ for f = 5 Hz, v = 20 mV/s and
Ag = 330 mV in deaerated 500 mM acetate buffer pH 5. Potential values are ver-
sus NHE.

T (°C) | E” (mV)
30+£1]| 437+5
35 £ 1| 446 + 2
40 £1 | 437+ 8
45 £ 1 | 443 £ 12
50+ 1| 423+5

Trametes species [20]. Bacterial laccases usually lie in the low-to medium redox poten-
tial, with formal potential values ranging from 525 mV for CotA laccase from Bacillus
subtilis [28] and 440 mV for CueO laccase from E.coli [29]. Therefore, it appears to be
a low-potential laccase, which is also reflected in the relatively narrow substrate range
of the enzyme [1]. This property can be exploited in biosensor applications, where se-
lectivity plays a key role in the selection of a suitable biocatalyst for the detection and
quantification of the target compound.

6.2.3 Epinephrine Voltammetry

The next step, before having the enzyme interacting with epinephrine, is to examine
epinephrine alone from an electrochemical point of view.

The first experiment concerning epinephrine is cyclic voltammetry on a glassy car-
bon electrode. Test experiments were conducted first on a rather usual electrode such as
glassy carbon, since we had no previous electrochemical experience with this substance
before. Consequently, it was deemed better for our understanding to see how it works
alone on an electrode that is easy to prepare and get reproducible results.

In Fig. 6.2.3 (a) cyclic voltammograms of a 5 mM epinephrine solution with 500 mM
acetate buffer pH 5 as a supporting electrolyte are presented at various scan rates
ranging from 25 and reaching 500 mV /s. All voltammograms start at -0.5 V reach an
upper limit og 1.2 V, go back to -0.5 V and end an 0.2 V. Between each cycle the glassy
carbon electrode was polished with 0.3 pm alumina powder on a slighlty wet pad.
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Table 6.4: Corrected formal potentials for TtLMCO1 immobilized on a pyrolytic
graphite electrode with the use of Nafion™ for T = 30 °C, v = 20 mV/s and
Ap = 300 mV in deaerated 500 mM acetate buffer for various pH values. Potential
values are versus NHE.

pH EY (mV)
5+01 | 437 £5
46 £01] 455 £ 3
4+£01 | 442£5
3.6 £01] 461 £6
3.1£01] 452 £2

While scanning anodically during the first scanbefore 0.25 V no peak is detected.
After that something that seems like an irreversible peak starts arising, with the peak
being found around 550 mV. While returning back to cathodic potential, around -0.1 V
a reduction peak arises. If the scan ended at -0.5 V of the first scan, one would be
mistaken and state that the reduction peak is the respective peak of the oxidation peak
found while scanning anodically. However, during the second cycle an oxidation peak
can be found at about -0.05 V, which problaly corresponds to the oxidation of what
was reduced during the cathodic scan.

In Fig. 6.2.3 (b), the cyclic voltammogram of epinephrine under the same conditions
at 100 mV /s for 4 cycles is presented. It can be observed that from the second cycle
and after the dominant peak around 0.55 V at the anodic scan is decreasing, signifying
that it is consumed at the are near the electrode surface during each cycle. Moreover,
the peak redox couple around -0.05 and -0.1 V persists in existing as the cycles go on,
meaning that the substance that is formed after the oxidation of epinephrine is rather
stable. Moreover, a small peak can be found around 0.25 V after the second cycle.

FTacV was also performed in a 5 mM epinephrine solution with 500 mM acetate
buffer pH 5 as a supporting electrolyte at v of 10 mV /s, f = 1 Hz and Ay = 100 mV. The
potential is scanned between -0.5 and 1.2 V. The 3rd and the 5th harmonic are presented
in Fig.6.2.4 (a) and (b) respectively. During the anodic scan, around 0.4-0.5 V a set
of peak arises that does not reminiscence neither a clearly irrversible electrochemical
reaction, nor a typical waveform of a quasi reversible harmonic. The harmonics resemble
either a sequence of two electrochemical reaction where the formal potential of the
second step is more negative than that of the first one, or a sequence where a chemical
step follows the electrochemical one nad consumes the products of the chemical one.

Then, around the end of the anodic scan what seems like an irreversible peak arises.
In fact this is due to the oxidation of water at such a high applied potential. During
the cathodic scan, a set of peaks arises around 0.4-0.5 V corresponding to the peaks
observed during the anodic scan, but at a lower magnitude. Finally, what seems like
a set of peaks of a quasi-reversible reaction can be observed around -0.1 V during the
cathodic scan, reflecting the set of peaks found in the cyclic voltammogram during the
cathodic scan of the first cycle and the anodic of the second.

Taking into account the data from the cyclic voltammogram and the FTacV, and
taking into account the mechanism prosposed for the oxidation of epinephrine proposed
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Figure 6.2.3: (a) Cyclic voltammograms of 5 mM epinephrine in 500 mM acetate
buffer pH 5 for T = 30 °C and v = 25 (black), 50 (red), 100 (blue), 200 (green)
and 500 mV /s (magenta) with glassy carbon as a working electrode (b) Multiple cycles
at v = 100 mV /s under the same experimental conditions.

in 1966 [30].

More specifically, the peak that occurs around +0.55 V corresponds to the oxida-
tion of adrenaline to the open-chain quinone. Then the cyclization reaction occurs
leading to the formation of adrenochrome. This is the reason why during the cathodic
scan, no reduction peak occurs nowhere near the region 0.5 V 2. The oxidized form
of epinephrine turns into this cyclized form with a different formal potential, and the
redox reaction of this cyclized form appears near -0.1 mV as a quasi reversible reaction.
A scheme of the reactions taking place can be seen in Fig. 6.2.5.

After having examined epinephrine on a glassy carbon electrode, and knowing that
one redox peak appears near 0.5 V and since the peaks appearing for TtLMCO1 are
around 0.1 V, the next step is to focus on the oxidation peak of epinephrine using
FTacV on a pyrolytic carbon electrode. The limits of detection shall be addressed as

12In the work of Hawley et al a small reduction peak disproportional to the oxidation one appears
earlier in the scan, but the pH examined is lower and some protonated quinone has not undergone
cyclization and is free to be reduced.
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Figure 6.2.4: (a) 3rd and (b) 5th harmonic of 5 mM epinephrine in 500 mM acetate
buffer pH 5 for 7" = 30 °C and v = 10 mV/s, f = 1 Hz, Ay = 100 mV with glassy
carbon as a working electrode

well as the expected waveform. In Fig. 6.2.6(a) and (b) 0.5 mM epinephrine in 500 mM
acetate buffer pH 5 for T' = 30 °C scanning from 0 to 0.8 V are examined for different
amplitudes and frequencies respectively. It can be observed that as the amplitude and
the frequency increase, the magnitude of the signal also increases up to a certain point.
Beyond 250 mV and 9 Hz the increase in not as significant, as it is expected, since for
higher amplitudes a saturation is expected in the signal increase and for a free species,
the increase is proportional to the square root of the frequency and not to the frequency.

Then, for an amplitude of 250 mV and a frequency of 9 Hz the detection limits are
examined. A linear correlation of the dominant peak value of the 3rd harmonic against
the concentration is presented in Fig. 6.2.7. The detection of epinephrine under these
conditions were found at 25 uM because for lower concentrations the signal was not
clear and the peaks not distinguishable. Consequently, for concentrations lower than
25 uM it is safe to assume that the oxidation of epinephrine on the electrode surface
shall not be detectable and shall not interfere.

6.2.4 Interaction of TtLMCO1 with epinephrine

The next step is to examine the feasibility of monitoring the reaction of TtLMCO1
with epinephrine by FTacV. The scenario assumed in this case is that starting from a
potential more negative than the formal potential of the laccase and by sweeping the
potential towards more positive values, the oxidized form of the enzyme, produced by
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Figure 6.2.6: (a) 3rd harmonic of 0.5 mM epinephrine in 500 mM acetate buffer pH 5
for T'=30 °C and v = 20 mV/s, f = 5 Hz, Ay = 150 (black), 200 (red), 250 (blue)
and 300 mV (green) with pyrolytic carbon as a working electrode. (b)3rd harmonic of
0.5 mM epinephrine in 500 mM pH 5 for "= 30 °C and v = 20 mV /s, Ay = 250 and
f = 3 (black), 5 (red), 7 (blue) and 9 Hz (green) with pyrolytic carbon as a working
electrode.

the electrochemical step, will react with the reduced form of the epinephrine, producing
the reduced form of enzyme by the catalytic step. As the potential is scanned anodically,
the reduced enzyme with be oxidized electrochemically and thus enter the catalytic cycle
once again. The electrode is polarized before each experiment for 10 s at -300 mV in
order to ensure that the enzyme is in its reduced form at the beginning of each cycle,
as indicated by the proposed scenario.

A scan rate of 20 mV /s is chosen for the experiments, together with an amplitude
of 300 mV. Regarding the amplitude, it was chosen as to ascertain clear signals of
the electron transfer between the enzyme and the electrode, without at the same time
evoking other reactions which could interfere with the enzymatic one, such as the proton
reduction at cathodic potentials. Of the frequencies examined, those for 2, 1.5, 1.25
and 1 Hz were chosen to be presented, ensuring that the independence of the scan rate
is achieved. Lower values of frequencies at lower scan rates were examined as well but
the signals obtained were not clear enough to be processed, thus recognizing that for
this particular system the lower limit of frequency that can be achieved is that of 1 Hz.
Thus, for the next experiments, a frequency of 1 Hz was chosen.

The peak of the third harmonic, i3, at different concentrations of epinephrine, cg,
is presented in Fig. 6.2.8(a). An initial increase and a following plateau is observed
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Figure 6.2.7: Peak of the 3rd harmonic i, 3 against concentration c in 500 mM acetate
buffer pH 5 for "= 30 °C and v = 20 mV /s, f = 9 Hz and Ay = 250 mV together with
the corresponding linear fit. Slope 0.198 mA cm™2 yM~1., intercept 0.05 mA /cm~2 and
R? = 0.995.

for all the frequencies, reminiscent of the behavior for the case of high ko/k°, as it
is showcased in Fig. 3.3.5(a). By inverting the current and the substrate concentra-
tions axes, Lineweaver-Burk-like plots are retrieved, Fig. 6.2.8(b), similar to those of
Fig.3.3.5(b). Moreover, in case the current densities of the maxima of the peak of the
third harmonic are normalized with the corresponding frequencies, Fig. 6.2.8(a) turns
into Fig. 3.3.5(a), which corresponds to the trend depicted in Fig. 3.3.5(a), where the
increase for the lower frequency (or equivalently higher 7o) is greater for the same
substrate concentration.

By taking a close look at Fig. 6.2.8(d), the potential shift of the dominant anodic
peak of the 3rd harmonic, AE* = (E3 ,— EY), for two frequencies, is plotted against the
Naeperian logarithm of the substrate concentration, indicating a displacement towards
more positive potentials as the concentration increases, similar to the trend depicted for
high values of ko /k® as it is shown in Fig.3.3.3(b). These results reinforce the argument
that direct electron transfer is feasible, and that the immobilized enzyme reacts with
the epinephrine in the solution. Although with the proposed analysis, numerical values
have not been extracted for the kinetic constants of the enzyme, the fact that ky seems
to be greater than the electron transfer kinetic constant is still a valuable finding.
The initial experiments were performed at a pH of 5 and 25 °C for a potential range
extending from -300 to 600 mV.

In order to extract the Ky, according to the methodology described in the previous
sections, lower frequencies should be employed, which for this particular system were
not applicable. If one was to be mislead by the similarity of the plots of Fig. 6.2.8 with
steady state Michaelis-Menten kinetics, an extremely small Michaelis constant would
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Figure 6.2.8: Experimental results: (a) peak of the 3rd harmonic i3, against substrate
concentration cg and (b) corresponding Lineweaver-Burk-like plot (¢) Normalized peak
of the 3rd harmonic i3,/f against substrate concentration cg for the dominant peak
of the 3rd harmonic of TtLMCO1 immobilized with Nafion™ on a pyrolytic graphite
electrode in acetate buffer 500 mM, pH 5, T' = 25 °C, Ay = 300 mV, v = 20 mV/s
for f = 2 (black), 1.5 (red), 1.25 (blue) and 1 Hz (green) (d) Shift of the dominant
anodic peak AE™* against for the aforementioned conditions frequencies f = 1 (black)
and 1.5 Hz (red).

be derived. This value would unusual for a laccase-type enzyme. However, still, the fact
that the peak of the 3rd harmonic increases linearly at low substrate concentrations
could be exploited as an application for an analytical technique regarding the determi-
nation of epinephrine. In case a Michaelis-Menten constant was to be extracted from
the existing data, the value would be estimated at an order of magnitude of 10~ M,
which is extremely low to the ones that appear in the literature, and an indication
that it cannot be extracted in the present case. It must be emphasized that, in the
present work, we do not propose this specific electrode as a biosensor but we discuss the
possibility to implement FTacV in a system consisting of an electroactive immobilized
enzyme for the detection of a substrate in the solution, in the absence of a mediator.
Consequently, the next experiments were designed in this aspect.

Regarding the pH and temperature conditions for the next experiments, an opti-
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Table 6.5: Current density increase at saturation point percentage (isay — in1) /i % at
different temperatures 1" at the saturation point of epinephrine additions.

T (°C) | (sat — 01) /i1 %0

30 £ 1 97.9 £ 8.1

35+ 1 89.5 £ 5.9

40 £ 1 70.9 £ 5.6

45 + 1 35.7 £ 3.3

50 £ 1 204 £ 75

mization attempt was made. By taking into account the value of the dominant peak
at the saturation point against the dominant peak of the blank, the percentage of the
current density is calculated for temperatures ranging from 30 to 50 °C and for pH
values from 3.1 to 5. The temperature and pH choices are made based again on the
data from the stability and performance of the enzyme while free in a solution. However
the optimal conditions of the immobilized enzyme for this application are found to be
at pH 4 and T' = 30 °C, as can be seen in Tables 6.5 and 6.6 This can be attributed to
a possible deformation of the enzyme while immobilized or the incompatibility of the
enzyme and Nafion™ polyelectrolyte at this temperature and pH range.

At the optimized conditions, the exact same process described above was executed
and the results are presented in Fig. 6.2.9. The 3rd harmonics for different concentra-
tions of epinephrine in the range of 0.065 to 1.25 nM are shown in Fig. 6.2.9(a).

As can be seen in Fig. 6.2.9(b), the linear region is extending from 0.065 to 0.265 nM.
The sensitivity extracted from the linear region is 13.538 + 0.2 pA/(cm®nM), as
taken from the equation that occurs form the linear response of the system (iz, =
13.538¢ + 4.489, R? = 0.993). For a signal to noise ratio equal to 3 the detection
limit is calculated at 0.027 4+ 0.014 nM, by taking into account the standard deviation
of the blank at 0.12 pA/cm?. As noted before, the linear region is not ample, how-
ever considering the amounts of epinephrine employed in this study, the sensitivity is
rather high and the detection limit very low. These two, together with the comparably
simple immobilization method, can account for the advantages of this approach, since
trace amounts can be detected at considerable current densities. The low detection
limit can be the asset of the method, as the increase of the current against the blank
at extremely low concentrations can be used as an indication for the presence of this
particular substance in solutions.

Table 6.6: Current density increase at saturation point percentage (isa — in1) /i1 % at
different values of pH at the saturation point of epinephrine additions.
PH (isat — ibl)/ibl%

5+ 0.1 979 £+ 8.1

4.6 £+ 0.1 104.9 £+ 9.1

4 +£0.1 162.7 + 9.6

3.6 £0.1 84.4 + 25.7

3.1 £0.1 74.5 £ 15.4
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Figure 6.2.9: Experimental Results:(a) 3rd harmonic of TtLMCO1 immobilized with
Nafion™ on a pyrolytic graphite electrode in acetate buffer 500 mM pH 4, T = 30 °C,
f=1Hz, Ay =300 mV, v = 20 mV/s at different epinephrine concentrations: 0 (black
line), 0.065 (red line), 0.125 (green line), 0.188 (blue line), 0.250 (magenta line), 0.375
(orange line), 0.500 (maroon line), 0.625 (violet line) and 1.25 nM (cyan line). (b)
Dependence of the peak 73, of the dominant peak of the 3rd harmonic as a function of
substrate concentration cg.

As pointed above, the scope of this section was to show that FTacV can be im-
plemented for the detection of the substrate by the electroactive immobilized enzyme,
in the absence of mediator. The detection is based on the fact that a linear region
appears on the dependence of the maximum of the principal peak of the 3rd harmonic
at quite low substrate concentrations. The study is limited to a solution containing
solely epinephrine and a simple immobilization method. Typical characteristics of a
biosensor such as operational and storage stability were not examined. Regarding the
typical testing of inhibitors as the ones found in the literature, was not considered in
this work. A new model shall be developed to predict the scenarios of inhibitors and a
careful choice of substrates shall be made. For these reasons, the present work does not
propose this specific modified electrode as a biosensor, at this level of understanding.
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Nevertheless, if the present system is to be used as a biosensor, it is recommended that
after each set of measurements, a fresh enzyme-Nafion™ mixture to be utilized, since
the amount of enzyme used is quite small and the immobilization method is straight-
forward, accomplished with a commercially available matrix. Indicative systems for
electrochemical epinephrine detection are presented in Table 6.2.4.
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7. Overview and Conclusions

Concluding this work, an overview of what was reported throughout the text shall be
made, pointing out the main conclusions reached. This work focuses on the utilization
of electrochemical methods for the study of redox enzyme and their interaction with
their substrates. Redox enzymes can be studied with either mediated electron transfer
or direct electron transfer - if direct electron tranfer is possible and the active site of
the enzyme is not burried inside its structure. In case that mediators cannot be used,
direct electron transfer is the only solution and enzymes are needed to be immobilized
on the electrode surface to achieve this. When using cyclic voltammetry capacitance
currents overlap with the electrochemical signal. So, an alternate to cyclic voltammetry
can be FTacV that reinforces the signal and through FF'T the capacitance is eliminated.
Despite the intensive work over the past decade on FTacV, a more intensive study is
needed to extract the voltammographic patterns and chief-observables dependencies for
various kinetic scnaerios. Such a study was performed in this work for both free and
immobilized species. Experimentally, enzymes belonging to the LPMO family and one
laccase-like multicopper oxidase were studied.
For the case of the reaction of free species using FTacV the main findings are,

e For the case of a reversible electrochemical reaction of free electroactive species a
semi-analytical dimensionless solution was formulated, which can be solved with
a simple iteration and not complex mathematical packages.

n?A (1 08 4 2may cos 27T
T) = -
eln) =2 {2cosh2[o.5n<& — o7 + 0|7 — | + agsin7)
7—(jh)2—m .
Z a% + 2mag cos 2w (T — (jh)?) }
= cosh®[0.5n(& — o7g + 0|7 — (jh)? — Tr| + agsin 27 (1 — (jh)?))]
u(aﬂ + 27y cos 27rT>
|7 — TR|

(7.0.1)
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The current peak is proportional to the square root of the frequency.

The independence of the scan rate of FTacV was determined for harmonics up to
the 5th as long as the applied frequency obeys to the following expression.

nkF
> 0.77—— 0.2
f> 077 (7.0.2)

The dependence of peaks of the harmonics follows a sigmoidal - like increase up
to 300 mV (See Fig. 2.1.9) for both one and two electron transfer.

The effect of the amplitude on the chief observables - width at half maximum
of the prinicipal peak for the odd harmonics and peak potential of the principal
peak for the even harmonics - was determined (Fig. 2.1.11). The dependence for
amplitudes over 100 mV at 25 °C is linear. These observables can be used as
criteria for the reversibility of an electrochemical reaction of a free species.

The voltammographic patterns of the harmonics are determined for slower elec-
trode kinetics, deviating for the reversibility (Fig. 2.1.14).

The k° regions of reversibility, quasi reversibility and irreversibility for different
amplitudes is also presented (Table 2.4).

The dependence of the dominant peak of the harmonics against the electrode
kinetics was extracted and presented in Fig. 2.1.16.

In the irreversibility region, the dominant peak of the odd harmonics follows a
linear trend against the logarith of the kinetic parameter

2.303
fp,h = % +

log kac (7.0.3)

The symmetry coefficient can be determined from the slope of this dependence

The voltammographic behaviour of a two step electron transfer using FTacV was
also determined in the case of both steps being reversible (Fig. 2.2.2) and when
the second step is irreversible (Fig. 2.2.4).

Coupling an electrochemical with an irreversible chemical reaction (EC mecha-
nism) was also studied and the effect of the kinetics of the chemical reaction on
the odd harmonics is determined (Fig. 2.3.3).

The homogenous catalytic scheme for FTacV was analyzed and the effect of the
kinetics on the odd harmonic was presented (Fig 2.4.6-2.4.10). The increase of
the current observed in the catalytic signal for cyclic voltammetry is not intense
in FTacV and is observed only for very large values of the kinetic parameters.

For the case of the behaviour of immobilized species using FTacV, the main findings

are,
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The dimensionless integral equation of the immobilized species
wac,F = _kac[e(la)gf waC,FdT - eiag(l "‘/ wac,Fdﬂ-)] (704)
0 0
was solved

For reversible systems the Faradaic current was given by

£

YacF = f%ﬂm

(7.0.5)

The current peak was proportional to the frequency

The dependence of peaks of the harmonics follow a sigmoidal - like increase up
to 400 mV (See Fig. 3.1.8).

The effect of the amplitude on the chief observables - width at half maximum of the
prinicipal peak for the odd harmonics and peak potential of the principal peak for
the even harmonics - is determined (Fig. 3.1.7). The dependence for amplitudes
over 100 mV at 25 °C is linear. These observables can be used as criteria for the
reversibility of an electrochemical reaction of an immobilized species.

The dependence of the dominant peak of the harmonics against the electrode
kinetics was extracted and presented in Fig. 3.1.9.

In the irreversibility region, the dominant peak of the all the harmonics harmonics
follows the same linear trend against the logarith of the kinetic parameter

B 2.303

gp,h - + a log kac (706)

a
The symmetry coefficient can be determined from the slope of this dependence

The regions of reversibility, quasi reversibility and irreversibility for different am-
plitudes were also presented (Table 3.3).

The standard (or formal) electrode potential can be determined for the potential
of the principal peak of odd harmonics, at low perturbation frequency and high
amplitude, while the system is reversible.

The kinetic parameters, ¢.e. the transfer coefficient a and the heterogeneous rate
constant k°, can be determined for the “nomograms” relating the height of the
principal peak(s) with the logarithm of the dimensionless rate constant k°/ f, for
different perturbation amplitudes.

Alternatively, the kinetic parameters can be determined from the slope and inter-
cept of the dependence of the the principal peak potential of odd harmonics on
the logarithm of the inverse of the frequency.
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e The voltammographic behaviour of a two step electron transfer using FTacV was
also determined in the case of both steps being reversible and when the second
step is irreversible (Fig. 3.2.3).

e The dimensionless equations for the scenario of an immobilized enzyme reacting
with a free in a solution substrate following a Michaelis-Menten reaction scheme

are
do
Tvm AVE,S ¢s(1 — O, — Op,s) — Og,s (7.0.7)
TAC dT
df
d? = Tackeb,s — Tack’ [fr, eV — (1 — b, —Op,s)e™ ™ (7.0.8)

e The dimensionless rate under steady state conditions is

~

s

7 = Tack 7.0.9
A f g + et agBzele e (09
end for the case of a reversible electrochemical reaction
. Cs
r = ky—m—— 7.0.10
TACR2 Y e T et ( )

e Under steady state conditions, the Michaelis Menten kinetic constant can be
determined

e The dependence of the dominant peak potential depending on the kinetics is
determined (Fig. 3.3.3)

e Under transient conditions, no kinetic information can be obtained directly (Fig.
3.3.8) and uncompensated resistance decreases the value of dominant peaks (Fig. 3.3.9).

e The EC mechanism of immobilized species was examined. For continuous cycles
the dependence of the dominant peak against time can give the reation kinetic
constant (Fig. 3.4.21). The slope of this dependence is unaffected from the order
of the harmonic, the perturbation amplitude and the scan limits.

Regarding the experimental study of immobilized LPMOs, the main findings are,

e Three LPMOs from the AA9 family were expressed heterologously in P. pastoris,
MtLPMO9H (Gen Bank:XP_003661787.1), FoLPMO9 and MtLPMO9G (Gen-
Bank: AEO54509.1). The expression vectors used were pPICZaC and pGAPZaC.

o MtLPMO9H and FolLPMQO9 were immobilized on a glassy carbon electrode using
Nafion™ and direct electron transfer was ascertained using FTacV (Fig. 4.3.3 and
4.3.4).

e The formal potentials of MtLPMO9H and FoLPMO9 were determined (Tables 4.5
and 4.6).
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e An alternate immobilization method, using modified with cobalt ions MWCNTs,
taking advantage of the His-tag of the LPMOs for a more stable immobilization
was performed.

e The stability at different temperatures using this method was ascertained Fig.
4.4.10.

e The k° was extracted for MtLPMO9H, MtLPMO9G and FoLPMO9 at 2.86 +
0.9, 0.914 1.8, 12.3£ 1.5 s7! respectively.

e The kinetic constants from the interaction of MtLPMO9H, MtLPMO9G and
FoLLPMOQO9 for different temperatures were extracted based on the EC mechanism
scenario (Tables 4.4.1, 4.4.2 and 4.4.3 respectively).

Regarding the interaction of LPMOs with various possible electron donors the main
findings are,

o MtLPMO9H was incubated with ascrobic acid, caffeic acid, gallic acid, methyl
gallate, pyrogallol, sinapic acid, syringaldehyde, ferulic acid, vanillin, p-coumaric
acid, p-hydroxybenzoic acid and vanillic acid as electron donors and PASC as a
substrate. Analysing the non oxidized and oxidized products with HPAEC-PAD
ascrobic acid, caffeic acid, gallic acid, methyl gallate, pyrogallol and sinapic acid
acted as electron donors while the others did not (Fig. 5.1.1 and Table 5.1).

e The oxidation of ascorbic acid in a pH of 6 corresponds to an one step two electron
transfer followed by an irreversible chemical reaction. The formal potential of the
oxidation of ascorbic acid was estimated at 180 mV vs Ag|AgCl (KCl sat.), making
it a valid electron donor for MtLPMO9H (EY = 245 mV vs Ag| AgCl (KCl sat.))
(Fig. 5.2.7). .

e The first step of the oxidation of caffeic acid has a formal potential of 180 mV vs
Ag|AgCl (KCl sat.) making it eligible as an electron donor for MtLPMO9H. The
formed dimer has a higher formal potential and cannot act as an electron donor
(Fig. 5.3.2 and 5.3.4).

e The first step of the oxidation of gallic acid, pyrogallol and methyl gallate has a
formal potential of 75, 86 and 180 mV vs Ag|AgCl (KCl sat.) respectively. The
increased activity when gallic acid and pyrogallol were used as electron donors
when compared to ascorbic acid is attributed that the possible formed dimer dur-
ing their anodic oxidation has a formal potential beneath the value of MtLPMO9H
and can act as an electron donor as well (Fig. 5.4.2, 5.4.4 and 5.4.6).

e The first step of the oxidation of sinapic acid has a formal potential of 120 mV vs
Ag|AgCl (KCl sat.) making it eligible as an electron donor for MtLPMO9H. The
formed dimer has a higher formal potential and cannot act as an electron donor
(Fig. 5.5.3).
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e The first step of the oxidation of syringaldehyde has a formal potential very close
to that of MtLPMOH, making it hard to act as an electron donor (Fig. 5.6.1).

e The oxidation of p-coumaric acid, ferulic acid, p-hydroxybenzoic acid, vanillic acid
and vanillin started at potentials higher than 0.3 V vs Ag|AgCl (KCl sat.), indi-
cating high formal potentials explaining why they did not work with M{LPMO9H
(Fig. 5.7.1).

o MtLPMO9H was tested with white straw lignin as an electron donor and PASC
as a substrate giving oxidized products, detected with HPAEC-PAD (Fig. 5.8.1).

e The formal potential of the lignin indicates that it cannot work as an electron
donor for MtLPMO9H (Fig. 5.8.3).

e The interaction of MtLPMO9H with the lignin happens through lower molecular
weight compounds which are released from lignin.

Regarding the study of the interaction of a laccase like multi copper oxidase, TtLMCO1,
with epinephrine the main findings are,

e TtLMCO1 was immobilized on a pyrolytic carbon electrode surface using Nafion™.
The electrochemical interaction with the electrode was ascertained (Fig. 6.2.2) and
the formal potential of the enzyme was extracted (Table 6.3).

e Epinephrine was studied with cyclic voltammetry and FTacV and its detection
limit with FTacV was determined at 25 uM (Fig. 6.2.7).

e No quantitative kinetic data was extracted from the interaction of TtLMCO1 with
epinephrine.

e A low detection limit and a linear dependence in the subnanomolarity region
(0.065 to 0.265 nM) for epinephrine were extracted when TtLMCO1 is immobi-
lized on the pyrolytic carbon electrode at pH 4 and 7' = 30 °C (Fig. 6.2.9).

Hence, with the use of the appropriate voltammetric technique and with the appro-
priate background to interprete the resulting signals, thorough study of redox enzymes
that can perform direct electron transfer is indeed possible and kinetic constants can
be extracted. Also the interaction of the redox enzymes with their substrates can be
interpreted.



A. Appendix: LPMO Genes

A.l1 MtLPMO9H

MSKASALLAGLTGAALVAAHGHVSHIVVNGVYYRNYDPTTDWYQPNPPTVIGWT
AADQDNGFVEPNSFGTPDIICHKSATPGGGHATVAAGDKINIVWTPEWPESHIG
PVIDYLAACNGDCETVDKSSLRWFKIDGAGYDKAAGRWAADALRANGNSWLVQI
PSDLKAGNYVLRHEITALHGAQSPNGAQAYPQCINLRVTGGGSNLPSGVAGTSL
YKATDPGILENPYVSSPDYTVPGPALIAGAASSIAQSTSVATATGTATVPGGGG
ANPTATTTAATSAAPSTTLRTTTTSAAQTTAPPSGDVQTKYGQCGGNGWTGPTVC
APGSSCSVLNEWYSQCL

GenBank:XP_003661787.1

A2 MtLPMO9G

MKGLLGAAALSLAVSDVSAHYIFQQLTTGGVKHAVYQYIRKNTNYNSPVTDLTS
NDLRCNVGATGAGTDTVTVRAGDSFTFTTDTPVYHQGPTSIYMSKAPGSASDYD
GSGGWFKIKDWGADFSSGQATWTLASDYTATIPECIPPGDYLLRIQQLGIHNPW
PAGIPQFYISCAQITVTGGGSANPGPTVSIPGAFKETDPGYTVNIYNNFHNYT
VPGPAVFTCNGSGGNNGGGSNPVTTTTTTTTRPSTSTAQSQPSSSPTSPSSCT
VAKWGQCGGQGYSGCTVCAAGSTCQKTNDYYSQCL

GenBank: AEO54509.1

A3 FolLPMO9

MHCNLSLGVVAALLAGANAHGHVAKVIAGGKEYTGGIPHGAPSDAVGWAAGNQD
NGFVSPDAFKSADIICHKSAKPVSNAVVVAAGDVVTLKWDTWPESHHGPVTEYL
APVSGDFASINKQSLRWVKVAQKGLKSGSNPGDWASDDLIRDGFSWKFTVPKNL
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298 A.3. FoLPMO9

KAGKYVLRHEIIGLHSAGQANGAQAYPQCINLEVTGSGGQAISGGGDFTTFYTP
TDPGILFNLYQSFSSYPIPGPAVRTI
GenBank: XP_018247071.1



B. Appendix: FoLPMQ9 purification process

Due to the inability of FoLPMQO9 to be purified using ion metal affinity chromatog-
raphy (IMAC), Ton exchange chromatography was examined as a option. The colums
that were used where Q- Sepharose (anion exchange resin) and SP-Sepharose (cation
exchange resin).

Ion exchange chromatography is one of the major methods of fractionation of la-
bile biological substances exploiting the isoelectric point (pl) of an enzyme which is
the pH at which the net charge of an enzyme is zero. Arginine, lysine and histidine
contribute to positive charges, depending on the pH of the surrounding buffer. Any
free N-terminal amine will also contribute to a positive charge below pH 8. Usually, as-
partate, glutamate residues, and the C-terminal carboxyl group contribute to negative
charges. Therefore, it is feasible to separate enzymes using either fixed positive charges
on the stationary phase, anion exchanger, or fixed negative charges, cation exchanger.
In general, anion exchange chromatography is carried out at pH values above the iso-
electric point of the enzyme of interest, while cation exchange chromatography takes
place below the isoelectric point, attracting positively charged enzymes. By simply
changing the pH of elution buffer, the protein of interest can be collected[!].

In case the pl of an enzyme is already known, the correspoding methodology followed
based on this value. A theoretical isoelectric point can be calculated based on the
aminoacid sequence of the enzyme by using the pK values of amino acids [2]. The
theoretical pl of FoLPMQO9 was estimated at 7.12 using Expasy.

IEF-PAGE was also performed on FoLPMO9Y9. Under normal circumstances a pu-
rified enzyme is needed in order to perform IEF-PAGE so that other proteins do not
interfere and only one band is present in the electrophoresis gel. However, since there
indications of deviation from the theoretically defined pl, IEF-PAGE was nonetheless
performed assuming that the concentration of FoLPMO9 was greater than the one of
the other proteins expressed. Following the procedure described in Sec. 4.2.9, the re-
sulting gel is presented in Fig. B.0.1. Only one band was present which was attributed
to the presence of FoLPMO9 with the isoelectric point being around a value of 5.6.
Thus, theoretically for higher pH values FoLPMO9 should have been purified for pH
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Table B.1: Buffer solutions used in each pH and column for the isolation of FoLPMO9

Colmunm pH Buffer
anion exchange | 9 Tris-HC1
anion exchange | 7 Tris-HC1
anion exchange | 4 | Piperazine
cation exchange | 4 | Lactic Acid
cation exchange | 6 MES!
cation exchange | 7 HEPES?
cation exchange | 8 HEPES

values higher that 6.6 using anion exchange chromatography and for pH values lower
than 4.6 using cation exchange chromatography.

The expreimental procedure followed for the investigation of which column and
buffer shall be used for the purification of FoLPMO9:

e 5 mL of the corresponding column resin was washed with ultrapure water water,
centrifuged for 5 min .

e The supernatant water was disposed and the resin was resuspended in 10 mL of
the respective buffer and was left overnight at 4 °C to equilibrate.

e The resins were centrifuged again for 5 min and the supernatant was disposed.

e Each resin was resuspended in 5 mL of the equilibrated FoLPMQO9 in the respec-
tive buffer.

e Then each resin was centrifuged for 5 min and the supernatant was collected (flow
through - FT).

e Each resin was resuspended again in 5 mL of water and was then centrifuged for
5 min. The supernatant was collected again (wash).

e Each resin was again resuspended in the respective buffer wich this time included
500 mM NaCl so that in case the enzyme that would be bound to the resin would
be detached from it and collected in the supernatant after the centrifugation.

e Each resin was again resuspended again in ultrapure water, was centrifuged for
5 min and was then stored in 20 % ethanol solution.

The pH conditions examined were 5, 7 and 9 for the anion exchange column and 4,
6, 7 and 8 for the cation exchange column.

The buffers used in each case are listed in Table B.

SDS-PAGE was performed in order to check if the enzyme was bound in the re-
spective column. In Fig. B.0.2(a) a thick band is clearly visible around 28 kDa, which
is very close to the theoretical molecular weight of 25.281 kDa. Thus, this is assumed
to correspond to F'oLPMQO9, while the smaller faint bands are due to the impurities
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Figure B.0.1: IEF-PAGE of FoLPMO9
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and the other enzymes produced by P. pastoris. The next samples in the SDS-PAGE
gels correspond to the couples of the sample before the interaction with the resin with
the flow through (indicated with F'T in the Figure).By looking at the samples of anion
exchange chromatography the band at 28 kDa before and after the interaction with the
resin, it is rather clear that little no amount of FoLPMO9 was bound to the resin at
any of the pH values tested. Theoretically this was expected for pH 4, but it should
have been bound to pH 7 and 9. It is also pretty evident in all the cases that in the flow
through only FoLLPMQO9 is present as the other bands have disappeared. Regarding the
cation exchange chromatography, as expected at pH values higher than 6 FoLMPO9
in not bound to the resin. The only sign of hope in this case was pH 4 with the cation
exchange resin, as in this case in the flow through the band for FoLPMO9 is very faint,
indicating that it was bound to the resin.

Thus from this analysis, there are two options for purifying FoLPMO9, with the
first one being using an anion exchange chromatography at a pH higher than 7, in order
to hold all the impurities in the resin and get the enzyme in the flow through, while
the other is to use cation exchange chromatography at a pH lower than 4 in order to
bind the enzyme to the column and then detach it using the buffer with a high salt
concentration.
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Figure B.0.2: SDS-PAGE of crude FoLMPQO9 and equilibrated FoLPMO9 at the re-
spective buffer and the flow through of FoLPMO9 from each resin.



C. Appendix: PASC

This appendix includes the procedure followed for the preparation of the PASC (phos-
phoric acid swollen cellulose) which was used as a substrate for the experiments with
the LPMOs [1].

The procedure is described bellow

o 4 g of Avicel®! are dissolved in 100 mL of phosphoric acid. At first a small
quantity of acid is added. Then the Avicel® is being smashed for a few minutes.
Then more phoshoric acid is added. The process of smashing is repeated. The
procedure continues until all the acid is added.

e The Avicel®-phosphoric acid mixture is stirred at 4 °C for about one hour.

e Then 1900 mL of cold water are added in the mix. The resulting mix is left to be
stirred for one more hour.

e The final 2 L volume is then filtrated so as the amorphous cellulose is extracted.
e The resulting amorphous cellulose is then washed

— 4 times with ultrapure water

— 2 times with 1% NaHCOj3 (The NaHCOj solution is prepared with ultrapure
water as well)

— 3 times with ultrapure water

e The thoroughly washed amorphous cellulose is then mixed with 300 mL of ultra-
pure water.

In order to assure that the process of PASC preparation is successful, a sample was
checked against a sample of commercial AVICEL® with X-Ray Diffraction (XRD) for

L Avicel® is the trade name for microcrystalline cellulose that has been partially hydrolyzed with
acid, and reduced to a fine powder. It disperses in water and has the properties of a gum.
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Figure C.0.1: X-Ray diffraction patterns of AVICEL (black) and PASC (red) for A 1.54
at 40 kV and 40 mA used in the 26 range 5 - 90° at a scanning speed of 0.026 °.

A = 1.54 at 40 kV and 40 mA in the 20 range 5-90 ° at a scanning speed of 0.026 °/s.
The XRD patterns and the respective annotated peaks are presented in Fig. C.0.1.
The fact that no intense peaks appear in the PASC sample, signify the formation of
amorphous cellulose from the microcrystalline cellulose.
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