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Resumo extendido

Neste trabalho, um modelo em COMSOL Multiphysics para o teste de voltametria ciclica
sobre a luminescéncia eletroquimica do sistema baseado em ruténio usando a amina TPrA como
correagente é proposto. O modelo considera apenas a reacao principal so sistema e se baseia em
uma aproximacdo unidimensional da célula eletroquimica. Diversos fenémenos, como a influéncia
do pH sobre a intensidade do sinal luminoso, foram ignorados ja que o objetivo do modelo é

oferecer uma primeira aproximagdo do fendémeno.

Voltametria ciclica é uma técnica util e versdtil para o estudo de substancias
eletronicamente ativas. Este teste constitui na medi¢do da corrente, limitada pela difusdo dos
portadores de carga na interface entre o eletrodo e o eletrdlito, na célula eletroquimica gerada
pela aplicagio de uma excitagdo triangular de potencial elétrico. Esse tipo de teste é muito
popular na caracterizagdo de eletrodos devido aos diversos parametros que podem ser extraidos
de seu resultado. Detalhes sobre esta técnica de voltametria, bem como uma breve introdugao a

eletroquimica, est3o presente no capitulo 1 deste trabalho.

Luminescéncia eletroquimica (ECL) é a produgdo de luz através de um processo
eletroquimico. Como os demais fenomenos de luminescéncia, ndo ha producdo ou consumo de
calor assossiado a emissdo de luz. Inicialmente, as técnicas de ECL se baseavam em aniquilagdo
iénica, que envolve a formagdo de dnios e cations na célula eletroquimica. Quando se encontram,
esses fons trocam elétrons e regeneram a especie inicial, mas com elétrons em estado excitado. A
energia liberada pelo decaimento destes elétrons é em forma de luz, dai o fendbmeno da
luminescéncia. Geralmente, a mesma substancia forma os &nions e cétions para este tipo de

sistema, mas isso ndo é obrigatorio.

Atualmente, os sistemas de ECL empregam coreagentes, substancias quimicas que nao
produzem elétrons em estados exitados, mas que ao reagirem com a substancia luminogenera,
induzem a formacdo de atomos em estado excitado. Neste tipo de sistema, ambas as substéncias
s30 oxidadas ou reduzidas, o que simplifica o projeto dos eletrodos utilizados na célula
eletroquimica. O coreagente oxidado/reduzido se torna uma substancia reativa que interagem
com a forma oxidada ou reduzida da substancia luminogenera. A reacdo produz o estado exitado e
o sistema emite luz enquanto regenera a substancia luminogenera e consome o correagente.

O uso de sistemas de ECL baseados em correagentes prevaleceu sobre os sistemas
baseados em aniquilagdo idnica porque aumentou o nimero de substancias que apresentam o
fenémeno de ECL, oferece sistemas com melhor rendimento e foi a inica maneira encontrada de

se obter ECL em meios aquosos.

Explicacdes detalhadas sobre ECL baseada em aniquilagdo idnica e correagentes se

encontra no capitulo 2.



Dentre os diversos sistemas de ECL baseados em correagentes, o par Ru(bpy),> /TPrA esta
3 sua elevada eficiéncia e aplicacdes em testes imunologicos e de detec¢ao de DNA. TPrA é uma
abreviatura para tri-n-propylamina. A descri¢do detalhada deste sistema, que é o utilizado no
modelo deste trabalho, esta no capitulo 3.

ECL possui varias aplicagdes interessantes no campo biomédico atuando como sensor. A
habilidade do ruténio de formar sistemas luminescentes na presenga de aminas o torna uma
substancia interessante na deteccio de DNA, por exemplo, ja que este forma um sistema
luminescente com a Guanina (base nitrogenada constituinte do DNA). Tais sistemas apresentam
elevada sensibilidade, sendo Uteis para detectar descasamento de bases ou pequenas
concentragdes de DNA.

Também é possivel marcar a susbtancia que se deseja detectar com o grupo do ruténio,
assim, na presenca do coreagente e da aplicagdo do potencial elétrico adequado, a presenca da
substdncia serd detectada.

Sensores baseados em ECL sdo interessantes por oferecerem uma sensibilidade elevada e
por serem de leitura extremamente simples, ja que a saida do sistema € um sinal luminoso caso a
substancia que se deseja detectar esteja presente na solugao.

O capitulo 4 deste trabalho tras alguns exemplos de aplicagdo para ECL bem como os
materiais que sdo utilizados atualmente para a fabrica¢do de microeletrodos que visam esse tipo
de sistema.

O modelo foi construido no software COMSOL Multiphysics, versdo 4.3b. COMSOL é um
software de elementos finitos com um banco de equagdes diferenciais provenientes de diversas
ireas de engenharia e ciéncias. Para este trabalho, o modulo utilizado foi o de eletroquimica.
Detalhes sobre as equacdes envolvidas no modelo se encontram no capitulo 5 deste trabalho.

Os resultados oferecidos pelo modelo estdo na forma de graficos, presentes no na se¢ao
“Results” do capitulo 5. Esses graficos mostram como o sistema simulado deveria se comportar,
em termos de corrente, tensdo, concentragdo das substancias quimicas e sinal luminoso.
Felizmente, os resultados apresentados pelo modelo sdo coerentes com aqueles observados nos
experimentos realizados no laboratdrio MiNES, do Politecnico di Torino.

As reacdes secundarias do sistema de luminescéncia foram adicionadas ao modelo durante
o periodo de estudos remanescente na Escola Politécnica. Essas modificacdes alteraram
substancialmente as predigdes do modelo. Infelizmente, os novos resultados ndo puderam ser
comparados com dados experimentais, j4 que eles eram provenientes do laboratério do
Politecnico di Torino.

O modelo foi idealizado para apoiar os estudos sobre ECL que vem sendo realizados no
Politecnico di Torino e estabelecer um ponto de partida para modelos mais detalhados em
fenomenos envolvendo ECL. Ao fim do trabalho, obteve-se um modelo de simples aplicagdo e que



podeser facitmente maodificado para se observar como diferentes cohcentragdes /ou potenciais

frdo alterar-q compertamento do sistema.

O fenémeno de ECL tem larga aplicabilidade no cenario national, poderido ser utilizado
para a fabricacBo de sépsores capazes de detectar .concentragbes extremamente baixas de
moleculas biologicas, a depender da técnica utilizada para fixar o grupe luminescerite ¥ substancia
desejada. Tal detecgio & importante para, por exemplo, testes de contaminagdo.ou detefioragdo
em. alimentos; tal como o leite. A facil leitura de tais sensores os tornam atraentes, pois ndo €
necessarid Uma. pessoa com conhecimento téchicd para estabelecer se a amostra estd ou ndo
contamifiada. Também, ECL & Unia técnica superior a outras luminescéncias em termos de
produciio de sensores pargue ¢ usuario tem total controle sobre ¢ fendmeno, pois este depende
da aplicagio de um potencial elétrico para ocorrer. |

Motivacio

A motivagio deste trabalhg de conclusiio-de curso. foi fornecer um modelo para o sisterna
-fi'erECL-RU('bPZV}'zsf/TprA que servisse de apoio acs experimentos realizados ho MINES, laboratério
do Politechico di Torino. O modelo tem o ob‘jé.’c‘ivq’-de-bfereeer uma resposta qualitativa de sistema,
diminuinde -assim a guantidade de experimentos ‘que devem ser realizados para caracterisar
‘adequatiamente os limites deste sistema.de ECL:

ECL j& ¢ um fendmeno bem estudado pela comunidade cientifica. € possui diversas
aplicacoes praticas, a"'p!ﬁ"nci_p'al' delas sendo o projeto d_o-.;seﬁs.OFE.s; gue -~ dadas as caracteristicas
do fenémenc — sio de faeil leitura. 0% caripos que-mais utilizam ECL s3o testes imunoldgicos,
dataceio de DNA.e RNA; detecgdo de agucares e detecgdo de proteinas.

Atualmente, os estudos académicos realizados em ECL podem ser resumidos em dois:
grarides grupos: A busca de maneiras para tornar uma determiinada substancia detéctavel atraves:
de um sistema de ECL; & busca de materiais e formatos para microelstrodos: que melhorem o
rendiments e a eficiéncia do sistema de ECL. Assim tornando a ECL um fendmeno de cardter
interdisciplinar, interessante para quimicos; engénheiros de materiais, en'g_en_he‘i_ro's_-_el'e_t'ré'ni"cqs.

O presente trabalho tras.as principais aplicages ‘de ECL descritos: com algum detalhie no
capitulo 4. A citat, as:aplicagbes mais interessantes do ponto de vista da eletronica sdo:

¢ Filmes:finos para ECL, pég..35;
« Materigis nanométricos utitizados em sensores:baseados em ECL, pag. 40.

O modelo apresentado neste trabalho tem foco na caractérizacdo do microeletrodo- utilizado,
tendo.como principais preocupacdes a produgdo de uma estimativa razodvel para @ corrente gue

flui-através do-eletrolito e a estimativa.gual




Summary

i this work, & COMSOL Multiphysics miodel for the ruthennon/TPrA
ElectroGhemiLaminescence (ECT) cyclic voltammery- test 3s proposed. The
maodel cousiders only. the first roaction wave of tho systein and s ased. on
an vne diménsion -gdom'ebry-: Several phenomenons, such as the pH influence
in the ECL-signal mtensity, weie. ignored in order t6: provide a inodel that
does niot demands to. much computational power and ean be used i!.l'_p_e-rsmial
computers, '

Cyclic voltmmmetry tests are an uselul and versatile techinique for study-
ing leciro-active species. 1t-constitutes on the medsurhig the ciirvent, linitecd
by the diffusion ofthe charge carriers ab the electrode/clectrolyte interface,
generated by a poriodic tiiangnlar wave as potential stiifulng. Thede tists.
are very popular on the chatacterization of slectrodes: beeanse of the nany.
parameters that can be exteacted from it

The Ru(hpy)iT /T PrA s one of the mest popular ECL coreactant systems
because its applications on iminunoassays aixl DNA probe assays. TPrA
gtanding for T¥-n-propylamine.

The model swas build in a way that modifications can be easily inple-
mented, making it uselal for -s_h-nﬁ,l_ah'i't'lg.-'expg:‘x_{irr_m‘x';lt_al. tests witl this specific
ECL systeny, providing, in & quick way, the general beliavior of the system.
Also; becanse the way that it was build, the model can be quickly modified
to shimulate othier EGL systems.

Version 4.3 of COMSOL. Multiphysics was utilized in this work because
it is the first ong wherithe software olfars & specific modnle for electroanalysis
studies, -and this update has lrgely improved the-clectrochenical branch of
physics, as well its docmnuentation.

The model wasidealized to Lislp the BCL studies that ave perforined -on
Politecnico. di Torito and to establish a starting point for fugure BCL. plie-
nomenons modeling,

The: last part-of the work is a complement to the model where the side
veacticiny dre implenconted. This updite has chiangeg significatly the overall




behavior of the systery, intraducing « fransient aud foreing the application
of 15 valtametrie eyeles to proper chavacterize the system.77
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Chapter 1
Introduction

Electrochemistry i the branch is cliemistry that studies the relation be-
tween electrical. andl chemical phenomena. Usually, the solution takes or
provide electric energy to the external system.

A considerable part of these studies are concerned abeit the cffects of a
eorrent passing tnough an jonie solition or the production of clectric euergy
iy chemical reactions. This is » very large field of study, il covérs 4 large
variety of phetiotnenas, like eorrosion, deviees, like battories, and tecliniques,
like rmettal :lop;)hztum or aluminum mass production. The basic principles pre-
sended-in this chapter. are: present in every single'clectrochenical pheromena.
However, this work is concern about the light emission by electrachermical

reactions, called clectrocheuriluminescenice {ECL).

o

1.1 Electrochemical Cells

Elsetrochenical cell ave compesed. by electrodes and an clectrolyte. An
glectrode is mrade by an électrotic conductor, it ean be inade ol sclid or
hquu.l. metal (_P.L- s\u Ho‘) earbon or semiconductors. The electrolyte is a
solution where electric charge is carried fons. Liquid solutions ave the:inost
cortmion-type of electrolyte, they contain jonic species like H*, Na¥, CI™.
The solvent is often water, but thisis net mandatory. In order to trausport
cliarge, the electrolyte must have a sufficient conductive, 5o it, is possible fo

use-supportive saltsto enhaice the conductivity of the solutioiL

In general, electorchemistry. deals with situations where oxidation anel.
vaduction Teactions are-separated i space or thne; connec tod by an external




clectric direit.

Reduction-oxidation (redox) reaciions are chiemical reactions in which
atomis have their oxidation state dm,nf*od This means that these roactions
involve the bransfer of elactrous between speeies: If aspecie gain an electroi,
is'saicl that thespecieis reducted, s6 we havea reduction reactioti. Tf aspecie
lose an cleetron, is said that the specie is oxidize, so we have an oxidation
réaction.

Redu ction

Oxidant + @ =3 Product
{Electrons gained; omdatlon nimber decreases)

Oxidation
Reductant  mee——3 Product+e-
(Electrons lost; oxldatmn number increases)

Figure.1.1: Redox reactions

Redox reaetions have many sinilaities with acid-base reactions. Like
acicd-hase reactions, redox réactions a¥e a jdatched set, that is, theve cammot
ba an oxidation reaction withont a reduction reagtion happening simultane-
ously. Thie oxidation or redugtion feactions alone aré called half-reaction, In
slectroctiemical cells, one halfreaction oceurs in-the electrode and the othier
in the electrolyte. In order to begin the reaction; the systewn must overconie
an energy barrier, This barrier s called oxidation or reduction potential ancd
it is measired in volts. If the oxidation potential is positive, it means that
the systeriL imust provide endrgy to the pair electrode/electrolyte in order to
force fhie reaction to happen. Ail example of non. spontaneous reaction is
the pm:luc,hmu of aluminum, wheré a great amonut of electric GUeTgy 1nust
be used in order to force the deposition of aluminmm. In the same way, if
the potential is negative, the yeaction i spontaneous. An example is' the
sxidation of iren in Ticyeles left in epen aivfor too leng. The oxidation and
fedviction potentidls are symmuetiic, if a-species has an oxidation Potetitial of
B, its reduction potential will be — 8.

Cousidering this, controlling tlie potential applied into anr elestrochemi-
cal ecll is-essential foi stiidies and-experiinents in électrocheinisivy. It cai be
rivgagired between the twve clectrodes of fhiecell and it represents tlie avadl-

‘.?' .




able energy that diives the charges externally Detweei tlie electrodes,

Befoie continue with hother explanations it is iniportant to oxplalu the
netation tliat s ased ko rvpuvsont dlectrochetnical cell strmetures. The eell
reprasented on Figure 1.2 can he represented as:

ZnfZn*, Gu [Cu (1.1}

o -
poientlai difference ::ubsemabi-‘. :
}tfuf' pia-sinrefic snk oo et cén Hew |

‘Bﬁé

N’a glgmﬂcmt chématé r:hange '

Figure 1.2 Electrochemical cell

Thig is the compact notation for electrochermical cells. The slash repres-
sents the phase boundary, the coninia-separates the cmnponontb of the same”
pliase.. A double slash, not. preseut in this examyple, represents.a phase bound--
ary winse poteutml is considered to be a negligible component of the Gverall
eell I)U{“f‘llt.la] The ovérall chiemical reaction taking place fira eell is made up
of two independent: half-reactions, which describe the chemical changes at the.
two electiodes. In the example case, orie half reaction is tle zine oxidation. .
The zinc atoms in the clectro 10‘3(.5 glectrons an mmp to the solution, consur-
ing the electrode material. The otlier half reaction is the copper’ reclinction,
Thecopper ators in the solution gain electrons and are _(]L_po_.sltcd 1 the elec-
trode: Tt is an exainple of non spontianeous electrochemical cell. Each-hialf
yedetion respotuds to Bie interface potential difference at the correspondiug,

8




clectrode. Most of the thne, anly ohe of these half-reactions isof interest. So,
the electrode ab swhicly it oecins is called working electrode. To focus on it,

the _u!;hm_ lalf of the electrochemical cell s standardized by tising a roference
alectiode, made np of pliases hnvi‘ng essentially: constant composition. The
'lntulldtimml}y accepted reference is the standard hydrogen electrode (SHE),

also ealied novmal hydrogen lectiode [\‘IIE) which has afl components ab a
unil ackivity:

PifHy[H? {1.2)
Potientials are often medsured aid quoted witl respect to reference electiodes
different from the NILE, Two of the most popular are the saturated calomel
electrode (SCE), with a potential of 0.242 V vs. NHE, and the silver-silvée

chiloride electrode (leu.«ﬂ]y1(,;J1's's<=11te(i i literature as *vs. Ag/AgCl”), with
a potential of 0.197 V vs. NHE.

Hy/ HpCla) KOISCE) (1.3)
Ag/ AyCl KCl(us. AgCl) (1.4)

Binee the reforenve electrode has o constant composition, its potential is
fixeil. Herice, any chiaupes in Whe cell ave ¢aused by the working clectrode.
We say that we observe or contrel the working electrodes potential with re-
speet’ 10! the reference clectiode. Briving the workjug alectiode to: negative
potertials, the electrons energy is raised. Eventually, they can reach a high
enoiigh Jevel to transfer into a vacant electronic state on species from the
slecfrotyte; When this happens, the electrons fow from the clectrade to
the ‘clectrolvte s calléd redugtion curent. On the same working principle,
when the electrode poteniial is positive, the electrons of species from the
electrolyte will find a sbate of lower énergy iir the dectrode and a currtut
From the. Llc(,lmlyl(, to thie dectrode will be formed, called exidation cur-
rent. The critical potentials at whicli these provesses occiits are related froia
the stanidard potentials {EY) for the spvmﬁg ¢hemical specie. In a solution,
the equilibrinm coneentrations of the reduced and oxidized forms of a redox
couple are linked. to the potential .(E) by the Nernst’s oqlmtlou(Equatmnl 5).

B g0 By, Co

ke C-',-I_,»_{

Where E¥ 15 the standard petential, F is the Faraday's constant, T is the
absolule tamperatare, ¢ s -p2e] (,,d aré-the edncentrations of oxidation agid

(1.5)




reduction centers. Electrochemical processes eail be studies-and understood
Dy wsing voltiminetry; polavograply, chironopotentiomietry, cyclic voltamme-
trv (CV) and others tests.

1.2 Luminescence

‘Taninescence is light emission by substances at a low temperature. In
luniinéscence, sonme energy sONCE noves an- electron of an atonr out of its
nornal energy level iuto & higher energy state (excited state)., Then, the
election pimips back to-its riorthal state veturning the energy in the forin of
photens. Normally, the excitation energy is groater than the energy, observed
on tlie light wavclength, emitted. Theie are several types of luinescence,
named according to the energy source that frigpers the light cmission. In
tlis section, we will expose some exaniples, sich as:

1. Thuoresednce and Phatoluntinescencs are huninescences wheye the e
ergy is provided by electromagnetic radiation, sueh as liglit. The dif-
ference hetwedri these two is thet Auoresconce is caused by wltraviolet

liation, while photoluminescence can be triggered by any form of

electroimagnetic radiation.

2. Radio-luniinesceuce is caused by muclear tadiation. Older glow-in-tlte-:
daik ‘clock dials often used a paint, with a radivactive material and a
radio-luminescent material.

3. Chemilwininescence is a luniuescenee where the energy ¥ provided by &
chemical reaction, Examples of chemiluninescenceare bio-lininescence,
where those reactichs oceurs inside living form {the most funous exait-
ple are Hreflies) and BOL, where the lnminescent. reagtion is lriggered
by the oxidation or reduction of the species itiside thie solutib.

Table 1.1 siunmarizes the mast important: types of lmminescence,
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Table 1.1: Diffarerit tipeés of honinescence

Luntinescence type

enused by

Photolumineéscence (PLY
Clewiluminescenee (CL)
Electrochemiluminescence

(ECL)

Radipchemilaminescrenes

Lyaluminescence

Sonotuninescende

Plinto-excitation

of coii-
pauncs

Cherniend excitation of cons-
ponids

Electrogenerated  chiemical
excitation

TRadiation-induced ¢liemical
excitation

Excitation induced by dis-
golution of an-irradiated o

-other energy-donating selid

Excitation-of coimpotinds by |
ultrasonication, oither by
eniergy transfer from the in-
trinsic ‘SL centers of wa-
ter or by clienical excita-
tios by hydeoxyl radicals

and atomic hydrogen
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1.3 Voltammetric methods

Voltammetry is a category of eloctronnalyiical metlods used inamalyiical
¢hemistry and many industrial processes, Voltwniictry experimenits inves-
igile the Tttt eell reactivity of an clocirolyte, it is the measurenient of the
current resulting: from the application of a potential, vormally atilizing a
three-clectrode configiration for the electrochentical gell (Figure 1.3); The
wse of three electrodes {working, auxiliary and reference) along with. the
potéitiostat instrimient. allows accurdte applications of potential functions
and measurernents of the resulting eurrent. The different vollammetric tech-
higues are distinguished from eachother, primanily; by the a,pphed potential
finetion at the working electrode thet it utilizes. Voltammetric techniques
are divided into sube lasses based on the diffvent modes of applying the po-

tential i1 the electrode. Tn this work, we will-only hriefly explain the cyclic
volbaumpetry, that is the technigue that will be wmodeled,

J

(>
ero

Tiguie 1.37 'T.l"1ree--.tz'lectmrie.:set_up

1.3.1 Cyclic Voltammetry (CV)

CV is an useful and versatile techniciie for studying clectre-active species:
It vonstitufes on the measuring the curvent, lhnited by the diffision of thie

12




blm.ngnia.l Wave ns p_ol.enth.i.l btilll.llillb.

Figire 14 illnastrate tie expected tespousic of a-revifisible yedox couple
during a single potesitial cycle. The test bogins with ouly the oxidized specie
(O) present on the electrolyte. So, the sean starts il a negative potential,
in o value where no reduction occurs, and is tisen according to tle scan
rate. As the applied potential approaches the characteristic E® an equilib-
rivin potential between the electrode and the electrolyte given by the Nernst
equation, for the redox process, an increasing cathodic ewrrent beging to be
ineasured, and it, éventually reaches a peak. Aftér, the potential reaches the
peak of the trianguiar wave and starts to decrease, the potential peak ninst
b chosen car Oiuliy in order to.veditet all the prasent specie O. During tle
potential decrease; redueed molecules (R) are axidized back o O, resultingin
an anedic: cuvvent, that’ have a symmetric behavior to the previous cathivdic
curreitt. ‘The chatacteristic peaks on the evelie valtammogram are eaused by
the formation of a diffusion layer near the electrode surface. These can be
best widerstood By carefully exaiining the concentration-distanee profiles
duriug the potential sweep.

Figuire 1.5 Nustrates the concentration gradients of the reactant and prod-
uct al different times, the first cortesponds to the initial potential of the
sweep (a), the formial potential of the couple during the forward (b) and
reverse sean (d), aud the achievement of a zero-reactant sirface condentra-
tion {c). Observe that the continuous.change in the surface concentration is
associated with an expansion of the diffusion Tayer thiekitess.. The resulting
eurrent peaks reflect (he continuous variation of concentration gradient with
respect. to fime. Hence, the inerease hithe peak current covresporids to the
achievenent of diffusion control, Tt is impoertant to remember: that when
the overall reaction.is controlled just by the rate at wihich the:elechro-active
species tench the surface, the-curent 3 said to be mass-transport-limived, it
weans that the current s lHmited by the diffusion of the crarge carriers in
the clectrolyte. Silch-réactions are called nernstian or reversible,

The most relevant parameters thag can he evtr‘zi‘ct‘@tl fromi GV tests arve
the maguitude of the current peak (), potential peak (5}, mmiber of trans-
fored eloettons. per toactant moleciile (1), rate constant, diffusion eoofficient
{D) and clestrochemical reversibility. The current peak for a reversible sys-
tein is described by the Randles-Seveik eqiiation (Equation 1.6:):
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Figure 1.4: Typicall CV graphic




(a)

Electrode

{C)

(d)

Figwre 15! Diffusion layer schematic.
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I, = (269 % 10°) x A xn?/2 % sqgiiD % v x C (1.6)

Where A is the active area {ew®) ol the working electrode, b is the number
electrons exehaviged duriug the redox process, DY (‘("H'.ig {5) and €. (‘?’:‘)'f}:"ff"f‘:‘f 3
thie diffusion coefficient and the electrolyte concentration of the clectro-active
specie, v is the scau rate (V /a)

Tle position of the peaks on the potential axis (L) are related tothe formal
potential-of the redox process. The formal poténtial for 4 reversible couple
is ‘between the anodic pedk current potential (Epq) and the cathodic peak
curtent potential (B )

5 (1.7)
The geparation between the pot-.éi'itial =_pea.ks ‘i -.gi‘ve'n. ij')_;'::.
0.059 .
AE = Ey a4 B, ¢ = (1.8)
7

These paratueters extracied cyclievoltammograus make CV i very use-
ful tool to. characterize redox reactions at electrodes: Also, CV'is the most
popular eleetrochernical technigne for solid electratles. The production .of
reproducible results, at least for subsequent-cyeles; is most valuable for char-
acterizing not well defined electrade surtaces.. Also, on CV graphics.is Possi-
ble: to sbhserve the oxitdatiorr and reduction pedks simultaneously; fact thak i is
helpful while investigating clectrode processes.
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Chapter 2
ECL

2.1 Historic Background

Electro-chemilinningscence (ECL) is the light generation throngh eleetro-
chentical provesses. Normally, the emission is due to the-amnihilation betweoen
a radical anfon and eation. This. phendmenia was Frst obseived in-the 1920s
when Gringnard compounds were oxidized at several Inindred. volss(1], and
again. when Tuminol was oxidized in an-alkaline sulutmn[&] In 1964, it was
shown by Hercules that a.square wave petential pulse could be used to gen-
erate light in #nacrobic mediasf3].

After these early experiments, several developments hiave oceurred o _
ECL, inchuling thense of corgactants that-allowed ECL in aqueous bDlIlLlClIlb[ 1]
The Tow detection limft of ECL has made it an useful analysis tool. Tt
is popular o bioanalysis, where it hias been applied on enzyme detection,
inmunosensots aud DNA probes. Fven if wiost BECL. apphc ations are on hio-
logical fields, BCL is also nsed on studies of organic compounds.on anperobie
Ill(‘dldb A thne live of BCL developnont, i$ present oi: Figure 2.1.

2.2 Ion Annihilation ECL

Evenr though. niedern ECL. technignes ave iriost often based on- the use
of a eoreactant - which will be exposed on the next sections, the first ECL
gtudlies were based on ion anmihilatiorn ECL. Jon amiihilation ECL involyes
the formation of an iou with electrons on the excited state as a result of
an exergonic electron transfer bétween electrochemically generited species,
ofterradieal jons, at the surface of an eleetrode: '
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Treatrnerit ECLin

ol ECL F‘“{bpﬂaz* ECL1
'r}zggz i{lanls Ftu{bpy)s Oxalaleas polymar  TPrAas. bioasggy
o . 1972 <coreaclant. 1982 corgaclan! 19gg

1955

19 198?

Nasieor 2"

First ECL _Magnehc _ L
expaiiments  field eftects Agquebus ECL 48 ECL labsl ulteamicro:
1964 1989 syotem 1871 1984 electiodes
. 1993
Figure 2:1; ECL time line
A—g —s A* {21)
AT - A7 (2.2
AV Ay A A (2.3)

As shown on equations 2.1 to 2.4, after the emitter specie (A) is oxidized

equation 2.1 and reduced 2.2, the vesulting radical cation (A+) and anion
{A™) are annililated, fmmm;3 tlie excited state species (A7), Equation 2.3,
that emits liglt on ity decay, Equation 2.4, Annihilation reactions caui alse .
happen iu * mixed systems”, where the radicat catiowand radical anion comnes
from different molecules. Depending on the energy available in the lon -
hildtion, the pmducud A eani be eithey the lowest excited singlet state species
{*A) or the triplet state species (*A). The enthalpy, -which is related {0 the
available energy on-the systeni, can- be-caleulated from the iedox potentinls
of the Equations 2.1 and 2.2 as defined in the Equation 2.5.

A Hypy = B (RJR*T) — Bp(R*)~ 0.16 (2:5)

Where —~AHuq (eV} is. the enthalpy for ion annihilation, £, is the po-
tential pedk for clecirovhemical exidation oy rediction (given in Volts), and
0.16 is an approximation for the eitrapy term (TAS) at 25°%C (0:10 eV)
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with an addition of 0.057 ¢V restltiig from the difference between fhe re-
versible potential and the peak potential of the redox veactions {5]. If the
estimated mtlml;n («_AH,,,”,) from the Equatiols 2.5 is larger s tlie efi-
RIEY (Es) required to produce the loweslexeitied singlet state from the ground
state, 1A is directly generated on the systens, and the systeit Is called thie
energy-sullicient aid the reaction s said te follow the S:route. A kypical
example of the-energy-sufficient system is the DP AT /DPA* (DPA = 9,10-
dipheriylanthiraceie) systew. [6] {7].

G - poute A AT e A 1A (2.6)

Ou the other hand, it —AH, 18 smaller than £, but Tarper than the
triplet state energy L’;. A iy initially forined, d]ld then YA can be formied
Ty the tiiplet-triplet annilitlation (TTA) as shown in Equation 2.8. This is
type 50 systems are ealled cuergy-deficient, and the reaction is said fo foilow
the Toroute, TM P/ DPA™ and TALPD* [AN (TMPD =N N,N.N
t{‘tldm(*fhyi p-pheuylenediamine and AN = anthracene) systems [7] [‘%] are-
two examples of ener gv~rlrh( ient systems. In a soluticn phase, the efficiency
of direct emigsion Teom A is belleved to be low beeause of the long radicac-
tive lifetime of *A and its quenching by radical iong er other species, like
molecular Gxypen.

T —route : AT 4 A" —5 A +74" (2.7)
dAg +3‘4x e f'l. 4 1Ax ( )

IF —AH,ny is nearly marginal to (Es}, the T-route can coutribute fo.
the formation of YA i addition o the S-route; So, the type: of gysten is.
ealled the ST:ronte. A typical example of tlis kind of system. s fhe rubrenc
anfon-caftion annihilation (9], whigh Hag been finally counfimed by mieans.
of combirted magnetic feld/temperature and solvent/temperature investiga-
tions. Tu addition to the formation of singlet and triplet excited states, jon
arniilsilation resetions can lead to the diveet forination of excimers (excited
dimers) and exeiplexes (excited complexes). In most cases, the participating,
molecules fitust be ahle to aligh so that there s sxg,mﬁr ant, w-orbital over-
lap; thugs this occurs mostly among planar polycyelic arcmatic hydrocarhons:
(PAHs) sucl a8 pyréae-and perylene [10] Other reactions such a8 TTA pro-
coss: canl also Tead to the formation of excimers and/or exciplexes [11]. The

pactions associated with the formation of exciners and exciplexes are said to
io.llc?n&* the Tronte. The relevani reactions are stumnavized i the Equations

i)

]
P
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9, 2.10 4nd 2.11.

AM A A (2.9)
T AT A o Al (2.10)
SAY LA A (2.11)

Exehner or exciplex emission is generally. characterized by broad feature-
less eriission red:shifted from the singlet emission of the molecule. Also,
the emission wavelength and intensity change +with solvent polarity. Einis-
sioir [romn tlie monomer and the excimer are viry oftenr observed in the same
spectrum [12]. Althongh excimeors: and exciplexés can be formed via photo-
excitation. as observed jn fludrescones spectroscopy, they are niost likely fo
fort in ECL «ue to the close proximity of the radical fons in the contact radi-
cal jon pair [13]. Mdéreover, as demonstrated in recent studies [14], the sadical
ion: annihilation pathway of ECL can generate emitting states different from
thosc 'fonzmd ft‘jllow"i'nrr phu’tocxt il;‘aiiion, J.l]d the (lmn'li'c“t] e'n'\'r'irrjm"non't ((" g ,-

d(l_]!.l_bt(—}d or c,ll_q:;_en- _50. as to tu__n_e Lh__e 1_7;:-_‘1@2,_1911.. L:._Lt.e.s- ;1!1(1. chu_ll_l)llum,-- I;hes.ae
effects dre manifested in the ‘enission etergy and the overall ECL efficiency.
For visible: range. emissions (400-700. mu}, (5,) covers from 3:1 to 1.8 oV,
according to:the Equation 2.12.

B, = .= h_{’ (2.2
A
This means, to produce annihilation ECL, the potential window of an
electrochemical systern must be wide cnough {from, approximately, 3.3 to 2
V, Equation 2:5) so that sufficiently stable radical anions and eations cat be:
generated. As a result, nonagueons media, such as acetonituile with tetras
w-butylamioninm perclilorate (TBAP) as the supporting clectrolyte, aid
extensively wsed in the study of ion annihilation BECL. As will be discussed
below, the fish agueous ECL systent, which was coreactant, BCL based, was
not 1ep01tr*d until 1981 by Rubinstein and Bad [15]. Certain conditions.
need to e met for the efficient generation of ion _annllulz_l.t.lnn ECL; which
inchides

1. stable radical fons of the precursor miolecules it the electrolyte of inter-
est, wlicly can be evahuzated via the cyclie voltammetric (CV) response;




2. ‘good PL efficiéncy of a product of the electron trausfer reaction, which
often can be evaluated from the fuorescent experiment;

3. sutficient energy i the clectron fransfer reaction to produce the excited
state a8 described-above.

2.3 Coreactant ECL

Nowadays, all commercially available ECL analyfical instruments are
based on. coreactant ECL- teclinology. Unlike fon annihilation BCL, in whick
electralytic gereration of Both the oxidized. and reduced ECL. precuramb are
1(*(11111(,t1 coreactant ECL is generated with a single potential step. ot one
directional pol,eutlal seanning ab an elegtrode in.a selution coutaining the
huninophore, light emitting. agent, species iy the presence of a déliberately
added reagent {coreactant). Depending on the polarity of the applicd Jioten-
fiat, buth the lumirophore and the corcactant species cait be lirst oxidized
oF reduced at thi electrode to form radicals, and inteymediates. formed from
the coreactant then decompose to produce a powerful reducing or oxidizing
species that reacts witlethe exidized.or reduced litiinophore to-produce the
excited states that will et light. Since highly redncing intexmediate species
are generated after au electrocheinical oxidation of a-coreactant, or highly
oxidizing ones ave produced after au electr ochemnieal reduction, the corre-
sponding ECL reactious are often referted to as. oxilative-reduction ECL
and rediictive-oxidation’ ECL, respectively {19, 25]. Thus, a coreactant is
a species: that, upon electrochemical oxidation or Leductlon tmiitediately
undlergoes (’11:*1111(«1,1 decomposition to form. a strong redncing or oxidizing
intermediate that can react with an oxidized or reduced ECL uminophore
to generate excited states. Use of a coreactant is wseful especially when
one of R*F or R*” is 1ob stable enongh for ECL reaction or when the
ECL solvent has a narcow potentisl window su that R** er R™ cannot
be formed. Additionally, the use-of a coreactant cair make ECIL possible
even for setne - Huoreseerd. contpomids that. have only a roversible cleclro-
cliemical reduction or exidation. YWhen the annjhilation reaction between
exidizéd -and reduced speciés: is- not ‘efficient, the use of 4 coredetant may
produce w inore intense ECL. Finally, the oxygen quenching effect, which is
often d@ncountered in ion annililation BCL, miy be eliminated in oxidative-
reduction tvpé ECL, so that ECL analysis can be earied out in the air.
Note that, as indicated i Equation 2.2 above and diseussed in the follow-
ing sections, i ion annihilation ECL, all starting species (A) can he ro-
generated affer light emission, whereas v a coreactant ECGL.-systcu, suchi
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Type of | Coreactant] Main  ¢oreac- | EY (V vs NHE) | Refs
: -:_:c_ireac— tant intermedi-
tant BECL ate:
-oxidative-red 1?#%'\‘%51& IIIIIII COy™ CH,COY [ C0p/CO5 18V |34, 55]
Py
vate/Ce(II1)
tri-n- TPrA TPrA® | TPrdet/TPrd | |54][45]
propylamine LIV
A{TPrAy .
hydrazine NaHs, NoHs | NaHa/Na: < | [56; 57)
reductive-oxif: {t‘ifg]ﬂ'l 23
persulfate | SO§” S05 /805 58]
(52087) +2.9V
hydiogen: oI QH®/OH™ 177 [60]
peroxide to 191V

Table 2.1 l‘s pical corenctant ECL systems for Rulbpy)i* Immivepliore

s Ru{b;n; "o Ru(bpy)at = tr 15(2,2 — bipyridine)ruthenivm (L1} /T PrA
(TI’rﬁ\ = br-uepropylamine), at the clectrode swface, only: liminophore
species can he regenerated, whewa% the coveactant is conswmed via clectro-
chemicalchemical reactions. Table 2.1 lists typical coreactant EGL. systems
for which the ECL ._1:15:&11;;11_1_5_1[13_._h_a.ve been well studied. Tu situ generated
coreactant interimediates; as indicited by their-standard redox potentials,
are either strong reducing agents {in Qxid}élﬁive-l'e,_duQ_i;'ib_l'l__.'E"(;‘iL) ot shrong ox-
idizing agents {in reduetive-oxidation ECL).

Aviother difference between amithilation and coreactant ECL is that, in
annihilation BECL; all starting species can be regenerated after light emission,
while in. coreactant ECL, only luninophoere specigs can lie regeneral tiex] dtld--
the coreactant 1 consumed via the ECL, reactions [16].

A pood ECL coveactant must mef a.number of criteria, which'inelude sol-
ubility, stability, electrochemnical properties, kinetics, quenching effect, ECL
backgroud, Of tliesé, the most important factor is the eleetrochemical prop-
-erties of the coreactant. The coreactant should be easily oxidized or reduced

with the Tuninophiore species at or néar the electrode and undergo o rapid
chemical reaction teo fornm an-intermediate that has sufficient reducing or ox-
idizing energy to react’ with thie oxidized of rednced quuuophom to forru the
excited state.




‘Reaction process (- Oxddative-reduction ECL Reductive-oxidation ECL
Redox renctions at elees | B @™ vy BoF (Fo g™ ey’ (0F Ropgm e B g™ -t
troele _ G

‘ﬁmno&euemm chemical R"”+C’- ~--¥'_‘ f'?‘t}':’fm;mé;;' e (';ﬂ;} C':f;} R4l ey RO % ey
reactioihs N 3 A S F,j’," C’f,’,ﬁ’ N R L A Y
Gxcited state  species | Bor - s R or ROF £ €005 R T4 BT eer R4 B oor
formation ' B4 P l cit s R P
Light erigsion BY —~ B4 hap R:.‘-‘ — H -+ liay

Table 2.2: General mechanisnis of-coreactant ECL systeris

Where R is the huninophoie; C isteh cormactant, G is the itermediate:
coreactant with subscript "red” for reducing:agent sud “ox™ for exidizing
dgentt and P is the associatod produict of thie reaction..

As-sunmidwized in Table 22, four processes generally are involved in all
coreactanit ECL systems toward the Iiglit emission, namely, {(a) redox re-
ackions at electrode, (b) Liotnogeneous: ciensical reactions, {e) excited state
species farmation, and. (d) light emission. Depending on the nature.of the
working electrode and the redox potential of the corcactant, both hetero-
geneous and hemogencous Tedox reactions. of coreactant are ossible: The
fortination of excited state species also has two general routes: the classical
jon annihilation and the réaction mmvolving toreactant ntermediate.

2.3.1  Amnnihilation vs Coreactant

Coreactant systems:for BCL offer several advantages with respect: to the
ion annihilation systems. The advantages Hsted beliw contain sone exan-
ples that justify the reason that; nowadays, most of the commercial available
BCL systems are based on coreactant reackions.

1. Thexaise of a coreactant can make ECL possible even for some fluores-
cent componnds that Tuve only a reversible electrochemical reduetion
o1 oxidaticn.

tw

Even with solvents for ECL. that have a tarrow poteitial window
50 that only a reduced or-oxidized form of a luminophare can: be
produced, ‘e.g:, tris(2, 2bipyridine)rathrendion( (1), Rulbpy)i (bpy =
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2, 2 bipyridine), in aqneous solutions, it s still possible to generale.
ECL by use of a-coreactant.

3. When the annilitation reaction between oxidized aud rednced species
is vet efficient,the nge of a corepcfant muay produce wore intense B CL..

2.3.2 Typical Coreactant ECL Systems

Although there are a wide variety of moloenles that exhibii ECL, the
-ovcl'\\imhning majority. of publications-coneerned with eordactant ECLL a;nd'
its analytical applications. ate based on chemistry involving Ru( bp'f;), ;.
closely related.analogues as the emitting species {17]. because of their C\CUI—
lent ch{'nuc(d clectrochemical, wid photochenieal properties even in agqueous.
miedia and in t,ho presence of oxygen. Asa result, mucls of this seefion cons
ceins R u(bp:; 7 fcoreactant ECL systens.

Oxalate System

This was the first aceount.of corcactant ECL system reperted i the lt-
erdtwe by Bards group in 1977 (18], ad is a classical example of c)\ula,twc
reduction ECL. The BECL mechanisin of this systein was proposed to be a:
i tlhe Equations 2.33 to 2.19.[19] [20].

.Rﬂ(b}rq)?”’" —g” —— Ru(bpy)y® {2.13)
Rulbpy)i+ 03— Ru{bpy)i™ + Cx0 (Zi11)
_C’-'-O"' —3 QO35 +C O (2.15)

Rai(bpy)y™ + CO;y" ~ Rulbpy)i™ +CO; (2.16)
.-R"t_é(bpy)g' + Q05— Rulbpy)y + COy ('7 17}
Rulbpy)3 + Rulbpy)s ~— R‘_.-z,_(bpy-.)g*‘ + fffr(bpr;)‘i“ (2,18)
Rilbpy)3* — Rulbpy)3t + o (2.19)

Firstly, the Ru(bpy)it is oxidized at the electrode to the Ru{bpy)yt
cation. This species ‘is blien - capable of oxidizing the oxalate (Cal _,,__) in
thie diffiwion layer close to the deefrode surface fo form an oxalate radival
anion (C5057). This breaks down to form « lnghly reducing radical anion
{CO5™ E® = —1.9% vs noimal hydrogen clecirode (NHE) [21}) and c'ul)ox__l
-:ln)xulv The reducing mtermediate then either reduces the Ru(bpu] c,om-
plex back to the parent complex inan excited state, or reduees Rulbpy)d™
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to form I?w, (bpy)a tliat-reacts with Ru(bp y)at to generate the excited state
Ru(bpfj) ~which-émits light. \\ ith Aer = 620070 T aguieons: solutions, the
ECL mtmml\ of the Rulhpy¥s Joxalate systein has been geported to liove
acanaximmeat p 6 [19], and 1]50 to beessentially constant from pH 48 [22]
(23] 4t macio-electiodes and from pi 58 at microclectrodes [24].

Peroxydisulfate System

This was the firsk example of so called "reductive-oxidation” cor ea;at-ant.
ECL system reported in the literature [24] [‘?5'] Because Ru(lp Yt is un-
stable i aqugons, salntions aaicl (f\fH;):fngq has a low solubility in Mel'N
solutions, the MeCN HaO mixed solutions were chosen. to pl.orluc,c jntense
ECL cuns*-ao’u’[?"] E]qtuh{ms 2:20 to 2,26 sununarize the p@sslhlf, paikhiw clqu:r:
for-the. production of Ru(bpy)i™ when $:05 is used as the coreactant,
which tlic. ‘atl.mlg,lv ‘oxidizing intérmedidte 5 O' , genierated diving -u:duc-.
tion of $50F , has a redex potential of E® > 3. 15V vs. saturated calomel
electrode .(S.C,‘E)_ [20),

S208 e~y Sa0pt (2:20)

Ru(bpy)it + &~ —s Ru (I)pz})f' (2:21)

Ru(lipy)y -+ 5, 05 e Hu(bpy) + S0 (2.29)
O s $305 48,08 (2:23)

Ri(bpy)d + 3205~ — Rulbpy)3H + S50% (2.24)
Ru(bpy)s* + S05 = Ru(bpy)i* + S20% (2:25)
Rulbpy)t -+ Rulbpy)3t — Rulbpy)3™ -+ Ru(bpy)* (2:26)

It iy Delieved that persulfate ion is a coreactant uf"f?'tt(!:];g')"g“*' ECL as’
well as an offective quencher of the excited state Ru(bpy)y® [34,45]. As a
result, the BCL 111tcn&1tv of the H'.'s(pr)M /8202 8 system was found to
be a iunchon of S)OQ‘ conrcentration, aud for 1 mid Ru(ﬁpu)i solution. the:
maximum ECL intensity was obtained at 1520 mM S*:OS [25]
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Luminol/Hydrogen Peroxide System

The BCL veaction of Iiminal (5-amine-2,3-dilydro-1 4-plithalazinedione)
with liydrogeu peroxide in alkaling medinni is Shiniilar to-the dhemical luines.
cence of lumhjol trigger ¢ by chenieal oxidation {9?] The general aceepbed-
mechanism is shown in the Figure 2:2. In alkaline holutlou haninol dépro-
tonates to Fovm an anioi, which thet widergoes dlectiochernical oxidation
to. prochuce a diazaguinone.. This species s rther oxidized by peroxide o
super-oxide to give: 3-aminoplithalate in an exeited state that emits light. at,
approximately, 425 nm.

=i - Y .
M it .

1w {~425-m) 3

Figure 2.2: Lununol/ Hydrogen peroxide systeni nm(‘lmmam[?S]




Chapter 3

The
Ruthenium/Tri-n-propylamine
(TPrA) and Other Amines
System

3.1 Introduction

In 1987, Noffsinger -and Danielson frst studied the chiemilumingscenee of
Rulbpy)7" with al.ll{‘.i]ldh( amines [29]. Iu 1990; Leland and Powell reportid
the ECL of Iu:(bpu) * with TPA as w coteactant [30], and Blackburn et al.
‘soon developed Ru(bpy)3" BCL imnunoagsays and DNA probe agsays using
TPA as coteactant and R u(bpy)s™ -4s the labél. (81]. Ru(bpy)}t labels cou-
plod with TPA have also been nsed for the defection of DNA derived from
Bacithisf32]. The mechanisn of Hn(b,rn;)“*/TPt\ ECL system was studied
iy detail by several gronps, The reaction procedures for the production of
the excited state of Ru(bpy);™ are shown i Figure 3.1 and 3.3[33]. AuEPR
spectrometer equipped with a continnons . flow assenibly has also heen used
to mouftor the interniediabe species: formed during the chiemihminescent re-
-actions of hu{bp.y) andd two opiate alkaloids [3 4]. 1 has. spectroscopically.
show that the wdchan pathwvays-outlined in S¢henie 2 .can be acearataly ex-
tended beyond the devisetd Ru(bp:;) 3 JTPA mechanism. These studies slrow
tliat the divect electrochemical oxidation of TPA on the electrode plays sn
important role wheit tlie concentration of Ru(bpy)“ isminch lower than. that
of TPA [33, 35, 36}, Some surfactants [37, 38] and fluorinated aleohols [39]
canr promote the-oxidation of TPA and dramatically increase sensitivity. In
conifrast, some phenols, lydroquinones,. catechols, and benzoquinenes can
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queneh ECL O'f'H?.{-_(.._’J]);&];";.*/TP}’L [40; 41].

3.2° Main Reaction

7 Photon (620 nm)

Figure 3.1: TPrA/ruthennun main ieaction

Figiite 3.1 presents; schematically, the main ECL reactions for thie TPrA
system. The reactions are written helow.

Ru(bigVs" — ¢~ — Rul{bp)d® (3.0
/ 3 { .
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TPrAH* — H* — TPrA (3.2)

TPrA - ¢~y TPra™ (3.3)
TPrA™ — HY —s TPra® (3.4
.R’r{(b'}:;j.)i}* + TPrA* — R’{L"(:b}.??jﬁ%* +P1 {3:6)
Bufbpy)it — Rufbpy)s® + hu {3.6)

The methianisin presently presented in the literature and in some of the
ECL instrument manufacturern Websites including the technical application
notes Is eften simplified. Generally: the ECL amission. of this svstém as o
fanétion of apphed potential consists of two waves. The first veenrs witl the
direct oxidation of TPrA at the electrode, and this waveé is often werged mfn
the foot of the second wave when relatively liigh cone entrations of R u(bpy
{millimolar)-are used.

The direct oxidation of TPrA at an electrode plays an haportant role’in
the ECL-process of the Hu(bpt;_):,f JTPrA systein and vavies with tlie elee-
trade material atd its surface hydvophoebicity, For example, in the prosence
of added small amounts of halide species that could inhibit the growtli of the
oxide surfaee on Pt and Au electrodes or low concentrations of swifactants
{nonionie and ionic) that could increase the hydrophebicity of the electrode,
the oxidation rate of TPrA and hence the ECL intensity increased signifi-
cantly [42, 43]. electrochemical windows. The ECL intensity for the first and
the:second waves was also found to be proportional to the concentration of
TPrA species over avery lafge dynamic range (up to (.30 M) [ll 48, ;1{3] Dis-
solved Os could fiftuence the ECL intensity when low concentrations {smaller
than 20 mM) of TPrA are used, which is particalarly remarkable for the first
ECL vave. This hehavior can be readily explained on the Dasts of the ECL
mechanising described in Figires 3.1 and 3.3: A large excess of initerniediate
reducing tadieals (TPrA%) was pxoducul at high (TPrA], and the dissolved
O3 within the ECL reaction layer was completely reduced by these radieals
and ¢xerted uo: qm.m.luug offect onthe aaission. At low [TPrA}, however,
coregetant -oxidation jgenerated a relatively siall amnount of reducing inter--
niediates, and O agted is an intereeptor, destroying the interinediates hefore
‘they participated in the ECL pathwrw& wlich led to the ghvious reduction.of
_tlua emission intensiby. In the latter case, the less efficient initial EGL route

vas fnore significantly affected [47]. Up to 2:5 V vs Ag/AgCl anodic poten-
tml Tiniit, can be reached for neutral aguecus ECL systéims at the deposited
Toton- doped ‘diatmond (BDD) electwde Tluee BCL waves-at 1,2, 2.0, and
2.3V vs Ag/AgClfor Ru(bpy)5t /TPrA, which coirespond fo the oxidation
reaction of Ri i’;,r)r,{)5 al tie vi( wwhrode dnd hemogencous catalytie oxidation
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of TPrA with electrogenerated Ra{bpy)y 3+, the divect oxidation of TPrA at
the electrode. and the electrode oxidation 0[‘ propylanine formed by preced-
i deatkelakion of TPrA, réspeetively, wie obsdrved. The wide patential
windew in agueons solution ang the higl stability for ECL due o the low
adsorption property for reaction products mxike such a dicanondl electrode
very promisiiig for EC'L production of amines witlhiglt oxidation potentias.
Hydroxyl radical (QH)*™ related ECL reactions for Ru(bpu)% coreactant
(ascorbic deid and alcolols) systemns at BDD electrode were dlso pbserved in
thc extrernely positive potential region (32,6 V with & peak potential at'3.7
V- vs Ag/ApCl) [48]. It is believed that the coreactant radical was formed
througl the hydrogen abstraction reaction with the (OH)*™ generated du-
ing the oxygen evolution veaction. Such behavior was not found at- GCor Pt
eleetrode.

The loimiation of OHF . at the BDD dlectrode in theligh-potential region
(bigger-tlian 2.6 'V vs Ag/AgCl) was confirmed provieusly by ESR measure-
wment with the spin-trap metliod [flJ} The ECL inteusity ‘ol the Ru(bpu;)‘*
JTPrA system also sl,mnﬂl) depends on the solution pH[S0], with dramatic
increases at pH lower than 5.5 and a akimung vatueat pH 7.5, The egact
reason remains wiclear, but this may be associated with the: riepmtomtwn_
reactions of TPrAH* ;md TPrA* shown in Figures 3.1 and 3.3 as-weéll as the
stability of the intermediates formed. Solubility decrense of TPrA at high pH
could De angtler reason why TPrA produces thie higliest ECL intensity ab B
7.5. A rocant study regarding the influence tf the nat uu, concentration, and
pH of bulfer on the rate-determiting step of Im(bpy) / tertiary aliphatic
aming systems revealed that de’pmtona’rlou of the ammmoninm species is the

rate~cletermining step at pH 5, whereas deprotonation of radieal eations is

the rate-detérmining step at pH ;5 [51] Usnally, pl values higher than 9.
should net beused, because Ru(lp J).‘ generated at the electrode could react
withi hydroxide ions to produce a, 51;,,_111f1_na_.11i. ECL background signal.

The electrochermistry, UV-vis absorption, PL of Ru{bpy)3* | and its BCL
with TPrA lave been reported in a series of hydroxylie solvents such as flu-
orinated and non-fluorinited aleshols and aleohol /water mixtures [32] Blue
shifts of np t6 30 i -in PL and ECL emission wavelength maximums were
ohserved compared to a Ru(bpy)s /H20 standerd e to interactions of the
polar excited state [i.e., Ru (])IJJJ)2+‘I with the solvent media. Draatic in-
creasesin ECL- e{tﬁc.lr,ncwq ranging from 6- {in 5% BuOH) to 270-fold (in°30%
2.2,2-trifldorvoethansl) were seen in ixed aleohol/water solutions compared
to Rulbpy)3* (0.1 M)/TPrA (40 mM) in watet.
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3.3 Side Reactions

] - - ! g ' .
~ Rulbpy)s oy Ru(bpy)s
_e.ﬁf | :: _ ! }‘ﬁ?
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Py N~ Ru(bpy)s e oo oo come Rulbpy)s™ e

Figure 3.3: TPrA secondary redctions

Fignre 3.3 represents the secondary veactions of the TPrA system. The
second wave appearswhere Ru(bpq)‘ is oxidized [15, 53]. Both waves are as-
sociated swith the emission frour Ra(lpy)a . The relative T‘CL inteusity from-
the first wave is significant, particalaly in-dilute Rulbpy)s™ solutions (less
than approximately 1nicromolar) containing, approximately, 0.1 M of TPra.
“Thus, the bulk of the ECL signal obtained in this systemn with low concen-
trations of .analytes, as iu immiunoassay and DNA probes with Ru(bp:;)
s an ECL label, probably otiginates from thefirst ECL wave. Figure 3.1
summarizes the mechanism of the fitss ECL wave, where' the dation radical
species TPrA" forwsed during TRrA oxiddtion is a :-.ufhucntl\ stable futer-
mediate with o half-lite of 0.2 s that i can oxidize 7 ufl ;_m;) Horied frour
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the reduction of Ru(bpy)3t by TPrA® tree radical] to give .Fi’u(?;“mj)”‘H The
miechanisnt of tlie second ECL wave Bllows tlic classic oxidativereduction
coreactant meehanisng, where oxidation of TPrA generates a strongly redne-
ing species TPrA. (EP1/TPrA ~L7 V vs SCE). This oxidation can b via a
catalytic route, where dlectrogeneratiscd Pu(bpr;)g reacts with TPrA, as well
as by direct reaction.of TPrA at the cectrode deseribed by Figmre 3.3. Tllt,-
‘catalytic route involving homogeuwm oxidation of TPrA witl, Rulbpy)i® is
shown in Figure 3.4,

"

Rulbpyls? . TS —"j!—-"'#""i'Pr "

v
B
i
w;

AT A "
Aulbpyt™ TRA e it

Figure 3.4: Catalytic route

The voutribution of this process to the overal]l BCL htensity dopruicdy
upoen the Bu(bpy);” congentration and is sinall when refatively low concens
tragions of Ru{bpy)it are used.

3.4 Other Amine Systems

Siniilar to the case of TPrA, a wide range of ainliie compouds can be
usexl as coreactants and take: part in B CL rcactions with Rul{bpy)s 2+, Because
atndne groups arve prevalent in nuinerous “hiologically ancd plmlumwlog,lccmll\'
important compounds induding aming acids and peptides, Riu(bpy WAt dmine
coreactat BCL Forms the basisof 4 latge niinber of biorelated gpecies detec-
tiom-and determination. Several workers have tried to correlate the-coreactant
ECL efficieney with the amine structure: Althongh liere are fo stifet Tules.
g,ovormm:, ECGL activity i -amines, in general, the ECL intensity increases.
with the amine order, Primary amiines with the lowcst intensity,- aftet soc-
‘ondlary anines, thien tertiary amities Heuce, terfiary amines have the lowest
detection limits.

The amine should have a hydrogen atoms attached to the R-carbon; so
pliat upon exidation newly fortneéd fadical cation species can undergo a de-
protonation process to forin a strongly redueing free fadical specics.
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Also.. the nature of substituents attached to nitrogon or R-carbon on an
anine moloenlecan afloet the O aetivity, T gonéral, cleitinn-witlelrwing
substituents tond fo canse aveductionof ECL activity, and electron-donating
groups have the opposite effeet.  Aromatic dimines, aromsitic substitubed
amines, and anines with a carbon-carbon doublehond that can conjugate the
radieal intermediates consistently give o very low EGL response: Note Gheit
aromatic. amines may also quench tlie emission of tlie Bu(bp J)"+' complex,
further reducing the ability of these eompowids to give an ECL responise.
Furthermore, sanhies fhat have other fimctional groups that. ave virore reacdily
oxidised than the nitrogen atom may take part in alternative, wltimately non-
(‘Jmnuhunmgsceu‘r reactions. The ECL reaction mechanism of Ru[;pu}z“
with six tertiary aliphatic atines, namely, trin-butylamine (TBnA), tu-
isobutylamine {TisoBuAY);, TPrA, methyl-din- -propylaine: (MeDPraA), tii-
ethylaming {TEtA), and trimethylamine {TMeA);, in agneous solution was
examined using fiust potential pulses-at ecarbow fiber microcloetrodes Lu_ui with
simulation techniques with the aim to obtain inforwation on the E% value of
the ammine redox couples [91].

Despite ity exclusive popularity, TPA has some disadvantages, such us
toxticity and velatility. In 2007, a new envirompentally fiendly coreactant
2-(clibutyl ammo)cthdnol {(DBAE} was teparted {102]. The ECL intensity
of tle Ru[b;y);"/DBAE systent at Au and Pt dcdmdcs was found to be
'Lppl()xrlllatclv 10 and 100 times greater than that of the connnonly used
Ru({:py) 5 +/ TPrA system, véspectively; when 25mM of each coreactant was
used in the presence of 0:1004 phosphate buffer (pIl 7.5), At the glassy car-
bori (GC) electrade, however; thie BOL pezim mance of this systein was. poor;
the intensity of ECL first increased with the concentration of DBAE up to
3 and then leysled off, The GO enlemcement of DBAE was attribuied
1o the catalytic effect of l't_y__(_lrox;_)rn-:i;h_y] graup toward the direct oxidation of
DBAE af. thie ¢léctrode. This stuggests that not all clectroi-withdrawing
substitutive such as the hydroxyethyl group in-the current case canse GO
efficiency decresse. Compared to Rulbpy);t/TPrA, the Ru(bpy)it/DBAR
systemn exhibits a wider dynainic range and Las a lower detection Hmit for

Rultpy J) at the Au electrode and very sensitive ECL responses at Pt elee-
trode. As a resalt, DBAE i a pronusing coreactant: fox ]?u(bpy)‘,* ECL
Immmoadsays and DNA probe assays.
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Chapter 4

ECL: State of the Art

Tu this ¢chapter the latest solutions in termys of ECL are hricfly airalyzed
and discussed. A first distiinction has been mnde throngh the huminophore
involved 1 the reaction (mainly Ru(bpy); ov limiinol); differént jnnova-
tive electrode naterials (gold nanoparticles, - earbon. nanotubes), aid their
respanse, lhave been then considered. The absence of a light souree in BCL.
(6] frees bhis method Fom light interferciices aid opens wnique avenues
for-sensing, especially when combined with the wide variety of wicro amd,
nanematerials developed nowadays. Because of thisfeature, traditional BECL-
_n;l.cét'l_md;ﬁ:_ Twwe earned renewed a_bjt'él'l__ti,ﬂﬁn when used in conbination with nan-
steciniology and a great numbeér of recent -articles-on this subject i focuser.
o1 the development of chemical and biological ECL sensors that genevally ex
hibit iinproved characteristics (sensitivity, linear résponse, detection linits)
for the determination of trace analytes. As already discussed, BCL can be
produced by several distinet approachies aid the two comnion Inmineplhores
utilized so far are the Rulbpy)i+ amd the laminol,

4.1 Materials
4.1.1 Thin Films
Unlike luminol which is consumed during the ECL reaction, Ra{bpy)s™

can be regencrated. “This, it can be hnmobilizeéd onto an - eléctrodé s
_f'a'(;tl md muscd i ihm—film serisor pl:ttfomi [f)d] A B u(bpq);_ '




kas been used for Ru{bpy)s" innnobilization [[)?] However, a pure Nafion
filn sénsor i far fom ideal due to-slow mass travsfer of the analyte, in-
stability of the fihns i opgane selvents aud partitioning info hiilropholic

vegions of the il Nevertlieless, I?u(hpq} * incorporation o Nafion has
seen some. suceess beaause of beth ien-excirange and hydrophobie interac-

tions [68]. Langmuir-Blogdett Tilms and sclf-assembled monolayers’ (3 AM)
Tiave Luwly failed in the case of 1"1’:&(.‘);;.;{)«“L baserl sensors because the high
potentials required to produce an BECL signal are-detrimental to these films-
(68]. Sofar, two effective ECL filins are sol-gel and polymer filims.

Sal-gels

Mam‘y Jecent successes with thin-film BECL sensor platforms have been
achieved with sol-gels. Pastore ¢t al. successfully embedded Rulbptf)s® in-
sidle silica glags thin- films deposited via @ sol-gel 'dii')l')iﬂv procedure on Keglass:
conducing. hllT)Stchi"(,‘-; The film was transparent, chemically inert; physically
Figid, and stable for over ene thousand experinients [66]. Dong ot t.al. reported
a composite ihn of Eastinan-AQ55D cation-exchange polyner and silica sol-
fel as e effoctive means for <divect Ru(bpy)y )37 fmmobilization. Eastrian-
AQESD has-exedllent ion-excliange properties. mld is more hydrophobic than
‘Nafion, resulting in better retention of the Iydrophobic Rulhpy)e ton-and

tlis a more stable sensor {_G‘J};.

Other seusing. platfonins lave been built: combining sol-gels and Nafion
films. For instaiice; Lea o gl have reparted sol-gel-derived Ti05 — Nafion
composite filins for etfective innnobilization of B u(pr)i at an clectrode s
face. Thiy ECL sensor shuwed itmjiroved FOL sensitivity as compared with
BOL sensors based ou pure Nafion films. The reason was aseribed o Targer
pores and thus faster diffuision of analytes fito the filnn [65] Thereafter, the
same gronp developed nicsoporous films-of VaOs/Nafion composites as of-
fective materials-to inunobilize Rfu.-(bp_j)_;‘_ .

It was found that the composite filin with 80% Nafion ¢ontent had the
largest pore diameter (.19 finu) and ing,hast ECL yn.h’}s with tripropylamine
(TPLA) The greater sensitivity was the result of net only the large pores:
that offered rapid analyte (ll[fualou bat also the u'htm‘lv lugll cenductivity
of If}O— Basedon these advantapes, this ECL sensor-exliibited a higher ECL
response of approximately two obders of inagnitude and-a lower {arouid one
arder of magnitude) defection limit for TPrA (10 nM) compared with ECL.
sensors based ol Si0y/Nafion and-Ti0, [N Fion [70].
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The growing treid toward tlie use of narvtechnology lias also wmade its
way iyt e forusdion ol thin-file seusing platlorms. X aad covorkers.
have treatedl three ~iinsisional seusing platforing by depositing gold o sil-
ica nanoparticle (SNP) templates. Using hydroffuoric acid (HF) to dissolve
the :mnopmtlchas, A macroporons gold structire with a larpe active sirface-
ares and excellent conductivity {(enhanced by the interconnected macrap-
orous %Luctui(,} was left behind, onto which & Zr0y/Na fion Glm mnmmmg

*u(bpv) WS- deposltvd Compated with fat surfaces, nereased Ru{lpy)s+
Toading was achieved with this confignration, yielding high sensitivity [68).

Metallopolymers

E\r'iet’al'lr:j_ﬁal_y.mérs, or polyiers contaiting metal cores, provide-an addi-
tional method for BCL reagent funnobilization since thiey can be divectly
deposited onto an electrode. Polyniers which contain a Pt‘t(bﬂﬂ)"+ com (c.g ,
Fipure 4.1) can produes ECL by a mechanisim simifar to Fu{?)p:;) . Den-
nany el al. have shown in their studies thal tlhe overall eifn:l_un_cy _of tlre
BCOL redction for the metallopolyner il is almost four tines higher thim
the highest value obtained for the smne complex dissolved in solution, due
miainly to. protection from oxygen qiienching and competing side reactions:
“The metallopolymer used in: these studies is showy in Figure 4.1, and it is
based oni botliannihilation and co-reactaut riechahisims [71].




In an -additional report. by Lee at al., Ru(bpg) was niodified with
Si{OMe)y gronps on-each ligand (Figure . 2] After hydrolysis-of the silicate
proups:-a thin, porous polymer Rl was: innnobilized ofr an hdinueti oxide
(IlO) glectrode: The reasan for choesing FTO as the clectrode material was-
that the hydroxyl groups on its surface would also bound with the modified
R rf(bpy)“* throngh silicun-azd oxygen bonds. The film liacd o long-term-sta-
bility, even after long-term exposure to acetonitrile [79]

{CH,)s—(OMe)s T gt

_~(CHa)s—(OMe);

~(CHy)s(OMe);

(CHp)s——(OMe)y

Figure 4.2: Si(OMe)s — modi fied Rulbpy)>*

4.1.2 Electrode Arrays

The benefit of having an array of microelectiodes rather than a single
vlectrode is that different data can be collected simultanconsly; thus arvays
can redice iiterferences throngh data processing [73]. Furtliermore, they cay
allow simultaneously determinations of multiple analytes'[74]. In the case of
tlie electrachemical signal prodiiced Ly il array; fidividual eleetrodes are in-
‘istinguishable, Tn contrast, the ECL. signals for individual electrodes cau be
read separately with a COD catiera or an aptical fibre hundle [75]. Sojic ot al,
created & micioelectrode array by coating conical glass coves with ITO then
insulating the surface, except for the apex of the tips, with electrophoretic
paint. BECL sipnals froni the subnricron sensars for both Re(bpy)i™ JTPrA
[75] andt luminol { HaOx [73] were individually read with optical fibers. Al-
thongls the electrodes cotdd be: iead individually- they could net be controlled
individually, and thus only one analyte could be detec bed st & tiinie ["’9]
Otherywise, )-I.u._r_p.lc‘.{.tt. aridl cowatkers wiodifivd GC foil electrodes.in order to
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detect multiple analytes simultanecusly. The enzymatic production of HaQs
was detocted for all analvbes, but «t different aveis of the electrode [76].
Oxidative etizvines were spotied on the il electrode and nonscovalently -
nebilized. Lwinol BCL was nsed to deteet a0y that was enzymaiically
produced in the presance of the respective substrates (7).

4.1.3 Microfluidics

The relatively new ficld of microliuidics has advantages of Hexibie cell de-
signs; low cost, minjatiirization dnd antGuation. However, this mosk. senisitive
detictors for Hliese devives, sucli as lasersinduced fluorescence (LIF) aud mass
spectrometiry (MS$), are bulky and expensive. Elechrochetiical detection sys-
tems are generally less expensive and more hpdtldnv compact, but they are
7o as sensitive as the above mentioned detectors. ECL sensing platforms
may play an important vole in this atea sinee they show a sonsm"!li\,f com-
prarable to the one of more-expensive LIF and MS detection systems; bub
they lm\m the sae size advantages of dlectrocheniical systeins [T7]. A recent
O\cnn[)lo of ECL debection in microfluidics was reported by Piltet ef al. who
detected hydrogen peroxide with umine! BGL. Printéd direnit board (PCB)

cloetrodes were used in this n:'\amplc:. whtieli can be fabricated inexpensively
in large-scale production [78].

Cropks et al. have also developed o two-clectrode microfluidic device
wliere targets are detected electrocliemically- at the cathode (Equation-4.1),
and then reported. via ECL at the anode (Equation 4.2). Tlrough this
wméthod, it is not nécessary for the target analyte to have the capacity to

roact with Ru(bpr)i™ to pl__od_l_me ECL, it oily necds to be redox active:

Clathode : O+ ¢ — R (4.1)
Anode: Ru(bpi)s+ — Rulbpy)y* +¢” (4.2)

Sinee the two working electrodes are in electyochemical comumication
and & charge balance must bie maintaiized, the reaction at the cathode shown
in Equafion 4.1 creates the anodie reaction (Bquation 4.2). TPrA, present in
solution, i able to react with, R u(b})u).‘* to produce BCL, The two channels
arcconnected by anouflel. However, due to kaninar flow, there is no balk
uiixing {77} The satie group also chm’red A three=channel system where
hoth the target analyte detection and the ECL veporting oceiir at e aumclt
Therefore. oxidation of the target competes with oxitlation of Ru(b}u}),‘ .
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and its presence causes.a decrease in ECL signal [79].

4.1.4 Nanomaterials in Recent ECL Sensors

 Nanstechnelogy is defined as. the fabrication of structares or <devices on
thie atomic or molecular scale, but. it also. hicludes devices that ave loss
than 100 mmn iu at least one dimension [80]. Nanowaterials encompass. a
broad range of materials, inicluding naroparticles, nanorods, uanocrystals,
nanowires atd nanotubes of virtually any cliemieal composition. Due to the
small size, nsually nanomaterials experience light. scattering wheri used in op-
tical measuiements. However, this drawbaek can be completely eliminabed
i BCT: determination since no radiation sourée is needed. Thug, tlie advan-
tages of both-nanowaterials and ECL ¢an be fully exploited wlen air ECL.
gensor is made of nangmaterials. Nanewaterials can enbance sensitivity by
increasing the surface area [81] or eihaucing the conductivity [82] ol & sen-
sor platfonn. For instance, porous naneparticles. had been used to sequester
high conceitrations wolectles of the ECL-produeiliy dgent, resulting i Ja-
bels with greater luminescence [83]. QDs are nanoparticles that haye their
own infrinsic ECL-prodhicing ability {84].

The following list present the soine nanougaterials that are used in ECL
systemns.

1.- Gold nanoparticles. -Dae to i-t_s-_2n‘if;’lng-i'c'aﬂ"-.czo:_upar_;ib'i'ﬁt,y, high condue-
tivity and ability to bound with amines and thiel;

2 Platinum nanoparticles. Duc to its high conductivity and electrodetiv-.
ity;

3.. Maghietic nanoparticles, (FesOy). Due 6o the Fact that these particles
can be casy inmobilized;

4. Silica nanoparticles. Due to its versability;

§.. Carbon nanotubes. Due 4o its conducting properties.
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4.2 ECL Sensing Applications

4.2.1 Label Free Sensors
Ruthenimin/Amines.

The ability of Ru(bpy), to react with amines radicals to produce ECL

wakes it useful in detecting a variety of important analytes. Awonyg them
is gianite. (G), the DNA base (Equatiotis 4.4) [85]. Forthermore, Ru{bpy)s™
‘can more easily react with single stranded (ss). DNA compared with double
stranded (ds). Reported rates for the reaction shown in Equation 4.3 were
9 x 10380 ts—1 for ds calf thymus DNA and 2 x 10580 ~ts—1 for ss calf
thymus DNA. This characteristic riakes the ECL inetliod particudarly vseful
in detecting base misiatches [85]. Foster of al. used. the metallopolymer
to detect chemical damage to ds-DNA, DNA and the metallopolymer were
deposited alternately nsing the layerby- layer method. The filmg svere then
Jneubated with styrene oxide to cause chemdcal daxnage. The gronp was able
to detect 0.1% dainage, or one base in oue thousand. {85]. Wang et af. used i
previously reported CNT and Nafon composite Ehu [86] in which fm"u(hp.-;]
was incorporated in order to detect DNA. DNA wiig ion-specifically bound
to the film, gl again, ss-DNA gave a more intense ECL signal. By exposing
the films to a boiling water bath for five minntes, native ds-DNA wiis. deni-
tured and the BOL %10‘1111% produced before-and altm this treatinent could be
compared, In this way, single-base mismatel corld be detected. Tui acldition,
the-group found thizt aderine also was able to contribute to the ECL mﬂxml'
[87]. Chen and coworkers used their organically modified silica filny with
P8S-coated CNTs [98] to-detect herring sperm DNA, The ability of guanine
{o oxidize and behave as a co-reactant i Ru(bpy); * ECL (Eghations .3
to l.a) were alsd (z.xplmt._t,d i this Now-inj jection a._n_d.:lyh:b senser, A modest
detection limit of 0.2mgL =" was achicved [88].

R-u(_bjb y_)';‘;:'% — Hu(bpu)i’i" 4 (4.3)
Ru(bpy)3* 4 DNA(G) —> Ru(bpy)i* + DNAH(GOD) (4.4}
DNA{CODY + Rulbpy)it — OH™ + QD* (4.5)

Lee and coworkers-have used the Ti02/Nafion composite sensior [78] for
detérminations-of plienothiazine derivatives iy wring sainples after HPLC
geparation. Phenotln:umes are o group of compounds often nsed n anti-
depressant drags. Therefore, movitoring thenin bodxly Auiids iy unportant
in order to minimize toxicity visk, They contain aliplatic tertiary amines,
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whichy. allow their detection with Ru(bpr;)"’ + based ECL seusors [8Y]. Zhang
et al. have used a sensor ¢omposed. of Ra{bpy)a® -doped silica nanoparticles
sinobailized ab a electrode sodice in a ebitosan Gl to deteet flopride (N-{4-
[2-(x iumth\]ammo)- etlioxy]benzyl]-3,4-dimethoxybenzamide hydrochlovide)
(Figiie 1.2:1) [90]. Their sensor was siinilar to the one reported by Doug et
al, for T'PA t.]_.C_tLl-_I_Il_lI-ld_.th_I1{:: [64].

GHy

i . / PN N
C—NH—~GH, i

TFiguie 4.3 Itcjl.)l'-i'rie

Laumninod

Lunsinal is useful Tor-Ha0s determinations sinee reactions between lunii-
nal and HaOq ¢ pmduu, ECL. T50; is also a product in many enzymatic
reactions wlcre substrates are oxidized by Os. A prototypical example i§ the
oxidation of glueose by the oxidereductase enzyrie, GOD. (Equation 4.8).
Tlius. Ho0s determinations gan be an indirect mothocl for the deterriination
of biological compotinds. Sich is the case i the reports of Marquetie et al.,
swhich -describiod. sensor arrays: for simultaneois determinations of giucewe
lactate, choline, glutamate, lysine and wrate [80], Oxidative enzymes were
iminobilized on the electrade surface where they could catalyse the prodiue-
tion -of ‘Hals, which would in twn react with huminiel ;).1._1g-1-pm_c_'lnt?e ECL.
Deteetion limits for the biological compounds were fypically in the micromno-
lar vange [73, 75, 76]-

B~ D - glucose 4Oy 3 gluconieacide -+ HyOq (1.6)

Zhang and coworkers: repoited an example of lumingl ECL produced by
w.galvanic eell to: detect Ha0s. Sinee galvanic cells requite o external power
sotiree, cost and sizo of the seiisor could be Hzgmhc autly reduced. ACw/Zn
alloy produced the galvanic cells via the corrosion effect. In alkaline sola-
tion, tho i disselved from the alloy anodically, pr aducing a potential of
+1.1V whicl: iy sitflicicnt, for ECL generation with Tuminel. The presence 6f
Hals cansed the chemilmuinescelsee mgnal b inerease, The detection lnnit




for hydrogen perexide was 0.3m AL {93). Zhang and Zheng produced a sensor
for pyrogallel (Py, Figure 4.2. 1) that vsed luminol-doped silien nanoparti-
eles to produes an ECL signal. Tlie nanoparticles were inunobilized at a
graphite electrade fn a chitosan filn througli which pyrogsllel could diffuse
and w a,s-._(,luc,mo__chmm_c,a.l_ly oxidized {Equation 4.7). The resulting pyrogaliol
yadical could rednee-oxygen to a anjon radical which in fiirh reduces luuinol
to fornt AP, the BECL-producing product (Equations. 4.8 and 4.9). ECL
wag therefore d;ép_‘_en_.dn1-1t_pi1_- pyrogallol concentration. The reported detection
limit was 1.0 111*_-’1"-'[912].

OH

Figure 4.4: Pyrogallol

Py—y Py e+ HF (1.7)
Py 4 Qg — O+ Py {1.8)
20 4 fuminol —» AP 4 Ny (4.9)

4.2.2 YCL Labels
Molecular Labels:

Kuwabara: and a(mml\cva reported that the ECL-producing riibhenion
complexX Ru(pher ,- was able to bind te the major SroOVe of DNA. The
result wasthat DNA added to a solution containing Ru(phcn)'"’" and oxalate.
eatisedt o decrease i ECL signal. ‘The rutheniinm complex. was therefore
nsed asa probe todetermine the bindihg mode of certain anti-cancer drugs.
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Evaluating the binding inodes of driygs s an fmportant step towards under-
standing the dmg mechanism. IF the -dmgs dlso preferred binding o the
‘major graove, atl inereasing deag coneentration wonlel linve a colneiding in-
ereasing BCL signal due to 13 E

wtion of Ru{phen)i™. On the other haud,
if the chug:, only bound' to the minoi groove, -concentration would haveno
affect [94]. Modified  Rulbpy)s® has been used as a molecular label it DNA
and e-reactive protein (CRP) deterininations by Miao and Bard, Tor DNA,
a thinlmodified captive strévds complimentary to the target wore scif a.s—
sambled oute a gold electrode. The targets were: Iabieled with- Ru(bpy)
The BCL signal resulting from a TPrA. radieal produced at strong potentialy
was. then pmp(ntlcnm] to the tavget. Oxidation of the SAM was not ad-
dressed as a major problein, however, it was noted that the araximum ECL
sigrial appeared at +0.95V whidh is less positive than with froe Pu{bpg)
A similar method for CRP: determination was 1metr,d in the saine arti-

d(‘ Biotinylated anti- CRP was immiobilised on s avidin surface bound to
acgold=thiol SAM in asandwich-type assay. An auti- CRP probe-was labieled
with Rulbpy)s™ . which gave an ECL signal proport jonal to the CRP concen-
tration [95]. Zhang eb al. reported. o cocaine sensor, a Bufbpy)y” modilied
aptatner which was innnobilised t0 a gold clcclxorie via the SAM metlod.
Thiz f?tr(bpe;)“ meleculir prebe at the-end of o random coil did not givea
strong BECL signal becanse of it distance. from the electiode. However, alter
the bindiug of cocaitic to the -aptamer, the J’?u(b,m;)+l probe was in close
proximity with the eloctrode; therefore giving a strong. ECL sipgnal in the
preserice of [Py A when a potential of 40, SV was applied. It was also nated
that potentials moie positive than +1.11" gave poor reproducibilify. due to
the oxidation of the thiol SAM. The detection limit for this method was re-
ported at I nM of cocaine [96] Bluni and coworkers used 8 derivative-of
binninol;. N-{4-aminobukyl)-N-ethylisohuninel (ABEI) as a molecular piobe.
for DNA determinations. Theit eapture DNA was modified with pyrrole on
one aid for the purpeses of nmnobilisation. A pyrrele filim was. clectrochein-
ically deposited in. the-electrode with the prrrole-modified DNA. The probe
DNA was modified with biotin, as was the ABEL therelore they could be
conticeted through an avid-in bridge: It was shown thit & compliwentaiy
‘probe gave a higher ECL- ‘aiblhﬂ in thie presenceof L3 mM HaOy thaw 2 non-
complimentary probe i a brief deanonstration {97}

Micro and Nanqpm-.ﬁcle ‘Labels

Micro and nanoparticles that coutain ECL-producing agerits, primarily
R"i_f.(.__bj[_)_?,‘)ﬁ{' <o alse e used as labels in seosors.  Becatse they contain
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Ru(bpy]“"” ioiis, the signals-fioin these types of serisors can be graatly en-
hanced over tmoleculay Jabels, Ming and Bard reported DNA f%] and CRP
[99] determination with polystyrene mltmsphcws {10 win) containing the
watei-insolulle species f?u(bpu);[B(L(,FJ),;];, Each. mierosphere eontained
approximately 7.5 x 10? molecules and was atbached to atarget DNA strand.
The complinientary probe DNA was attached to a rtagnetic bead which
corld liybridise with the labeled target. The hybridised tavget DNA could
theri be magnatically separated fromn the single stranded taigets [98] The
CORP sensor was a sandwich-type assay in which anti-CRP was attached to-
the polystyrene mircospheres ag well and the maguetic beads. Wlen tliese
botl: boumd td the CRP they could be magnetically separated to collect
tlie. potystyrene beads. The polystyrene microsphetes were thei dissolved in
acetonifrile dil J!“:.:(a';p:;)'3 wag determined by ECL with TPA #s the core:
actant, Detection Hmits of 103 DNA were achieved and J.,[]m gL' CRP.
Zlian and Bard also veported-a CRP sensor that used-J? w{bpy); T -containing
liposomes (100 nNI) as labels. The advantage of using Hposones rather. than
polystyrene microspheres was than the .Rz,.:_(;f_}py.]:,. coild be reledged with
goelivnt chloricde and g surfactant, whicl ave mote benign than acotond l’I‘ll(“'
However, the detection liniit was an order:of magnitude higher at 100mgLl™"
[lUU] Fang-atd coworkers ieportedly used R b,m;)‘2 doped siliva. nigpar-
ticles as labels for DNA hybridisationdetenmninations [83]. Captured DNA
was Tmmghilised .at & polypyrole niodified platimin electrode, similaily to
the method deseribed in the previous section [97). The silica nanoparticles
were-modified with complimientar v target DNA whith conld hybridise witl:
the DNA on the electrode surface. Unlike the inetliod repor ted by Miao-and
Bard [98], the Rulbpy)3” dohs were not. released. However, the co-reactant;
oxalic acid; eould penetrate the nanoparticles and allowed the. production of
t DNA. A detection limit of 0.1pM

ECL proportional to tlig aneunt of targe
was reported.




Chapter 5
COMSOL Model

9.1 Introduction

[n this chapter the COMSOL 1modlel for the eyelic valbammetry test of
tle ruthenium"TpA systeut is presented. COMSOL is a software that solves
diflerential eqnations usiug the finite clements raethod, The used version is
4.3b; and the module 8 electroanalysis, a subbratich of the slectvochiomistry
nodile.

COMSOL has already been wsed on cyclic voltammetry models for ECL
reactions, an example is the model ferracy amdt'/fclucmmclc redox eeation
(611,

5.2 Physics

The model contains asingle 1D domaiu of length L, wliieh is tiie max-
imua extent of the diffusion layer over the duration of the voltamnmetry
experimient, A conservative setting foir L-is sdt to greatly oxceed the diffu-
gion layer thickness (Equation 5.1).

L=0 X\/ (Dru % 2 x gbs(Emin — Emax)/v) {(5:1)

Here, D is the diffasion coefficient of the reactant, Bmax and Eniin are
the potential limits of thie test and v is thesweep rate of the eyclic voltam-

TOELAML,

-t s[() :




5.2.1 Domain Equations

We assume the prosence of a Targe quantity of supporting electrolvie.
This-is et salt ibat 3 adided i electroanalytical experiiicnts to inercase
the conductivity of the slochrolyte witheout o.l‘.'l'nz:r-\'_vis_(-:"-'i:'1te'1_'5f'c5:r-i11g.;\\:i'tfl'1 the ro-
action chemmistry. Under thege conditions, the resistance of the solntion is
sufficiently low that the electric field 'is--negl'igibl@; and we can assunie @i =

The Electréanalysis iteiface implemerits chemical transport eguations
for the reactant and product species of the radox couple subject to this as-
sumption. The domaii equation is the diffusion equation5.2 (Ficks 2tid Jaw)
to describe the chemical transport of the electroactive species,

do; ;

A E Ay 5.2
Wliere ¢; is tlie coficentration of the specig and By s thie diffusion vocfl-

clent of the specie.

5.2.2 Boundary Equations

The current densiby for this reaction is-given by the electroanalytical
Butler-Velmér egiiation foran- oxidationb.3.

I ey Lk B v S
Lo == nFIo{rea OXD ———m = Cor CXP R ) (5:3)

Wiheére:
1. Ky is the heterogeneois rate congtant of the vedox reaction;
2. &, is the cibhodie transfer coeflicient;
3. 7 s the oveipotential at the working eloectiode;

4. I is the Faraday’s constant;

o

R is the Boltsinamn's congtant;
B fam; Creg are the-concentizitions of the vkidized and reducted specics.

The vverpotential is the difference between the applied potential and
the equilibrinm potential (formal reduetion potential) of a redox couple of
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c,peues According to Faradays laws of electrolysish., the fliux of the reac-
tant aud product species are proportional: to the current density drawn,

Ui i e

R Ny (5:4)
T _

In the 1D approximation, the. total cirrent i$ felated to the current
density5:5 siniply by multiplying. by theelectrode.avea A,

L= AX foe (5.5)

The reactions that will take place in the eell wust he defined. For this
qiodel, only the main reaction of the TPIA systein was. nuplemeu‘rcd in-op-
der to avold umecessiry Lomputattloual costs. Though the reactions were
alteady presented.-in this work (chapter 3), they are repeated below:

R_’:‘ff(j!;py)g**' o 27 ey Hrt(bp:;)f_"‘" (5.6)
TPrAIY = HY — TPra {(5.7)
TPrA —e” — TPrA™ (5.8)

TP A — HY = TPrA® (5.9)
Rulbpy)st +TPrA® — Ra(bpy)3** + P1 (5.10)
R bpt;)zf" — Rufbpy)s™ + hv (5.11)

5.3 Model Assumptions

This model. is based o the Tollowing assumptiens:

1. Only the main reaction s happening on thie electroclioinical ‘cell,
2. The clectrolyte does not-offer significant obmiic resistance.

‘3, The system does not depend on-the glectiolyte pH.




5.4 COMSOL Implementation

5.4.1 Model Set-up

On building a COMSOL model; the primary and critical stepis fo. deline
the inpuls, parameters snd peometry that will defing the helavior of tlie
whole systenr. An inappropriate chose of these tering leads to problems in
cotnpiling ‘the moddl simgularitics on the differential cquations making the
systemn nom. ¢orvergent and, in the worst case, provide results. that are not
aceording to the teal system that thic model is suppose to emndate. Bach of
the fBllowing sections explains the definitions used on (e mode! of this work
and how to pei‘fm‘;n_c’h_an__ges-. on it, in case that one wishes to use this model
o stndy other ECL svstenis.

Parameters

The parameters node on COMSOL is reached by vight-clicking on. the
“Global Definitions” node ancd adding the node” Parameters™. This node is
nsed to organize {hie model, allowing j.aiuy- user to quickly understand what. is
being used and on which civenmstances. Tor this work, all parameters wre
ligted and hriefly cxp‘l_a'inedf on Table 5.4.1. '

The key parameters to the model of this work. are the rate constants.
They défine the dyndmic of all reactions that are happening on the ECL cell,
These rate constants. were obtained fromn R. Mark Wightman work[62].

One important detail to be highlighted is that, ou the researclied litevy
ture, the diffision coefficients of the cheinical species were not found. The
solubion was 1o seb all these coelflicientls as the defaull COMSOL value, that
can be observed on Tabel 5.4.1. The initial conceritration of ruthicuinin aid
TPrA- were also placed on the pirameters, this makes the moilel easier Lo
anderstand.and also-allow the user to perform *paramétric sweeps” on the
chneentration, in order to-ohserve how the system behaves for different con-
centrations of these species, if 1t 15 necessary -and desirable.
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Table 5.1: Model parameters

v 1 /s voltarmmnelric sean rate Ref
FamlhE00R] © Proom tewperatine B
V.thern Tond » Recopst x| thennal voltage
| Feconst '
A Rgonstx Lanhf Foongt | reference potential witheut
' ' salution
re 10k 1 dleckorde tadins
Emin —~1{V] start potential
Emax v switching potential _
e.in 0 1fmol/ m?} rutheniwm Cinitial - coneen-
_ trarion _
e tpa Lol fr?] _ TPrA initial concentration
Kr 1% (ol % )] reaction constant for the re- | (64
' action between the oxidized |
ruthenimn atid the reactive
_ TPrA
Ke 10%+[1 /5] -eniission rate constant [6:l
K0 Te—= rutlienium redox constant. | 64
KO1 Ge¥ TPrA vedox constant [64]
Dru Te?mt /4 rutheniwm  diffusion. coefli-
cient
Drup Te™[m* f5] oxidized ruthenfumn  diffu-
sion coefficiont
Dtpa. Le9fm?/4). TPrA diffusion cocfhicient
Dtpap Te™me fs oxidized TPrA diffusion co-
_ cefficient
Dpl e m? /s hyproduct diffusion coeffi-
ciont;
Drue le i /5 excited ruthenivm dilfusion
cocficient
L 16 % | «liffusion layer length
 [racDire x 2 xcabs{Emin — Emax)y
K1 KO % Drufie | rutheniun redox rdte con-
staut
2 10 x Dipufre TPrA redox rate constant
Erefn 1 A x loglearu/cref) rutheninm reference poten-
el
Eref tpa A logledpaferef) | TPrA referenee potential
o ref ol fur?] 1 reference conceatration that
forees the TPrA éqiilibritin -
S0potential to he zero.




Definitions

The " Definitious”™ node is-a defanlt node right under the "Model” node,
In-the present model, the "Defiuitions” nodewas sed to define the vaviables
oy the model and an integration. Both can be reached by righi-click on the
* Défindtions”™ node and selocting "virfable® and "integration”, tlhie last one
present on the "Model Conpling™ sub menu. '

The integration of the produced model in-a spatial integration concerniug
‘the wliole domain of the-electrochemical cell. This operation is necessary i
“order Lo obtain a cuirent clonaltv ol the appm]mahe imif, sincée Lthe currernt
density caloulated by the software is in [4/m* and the (lcsno{l unif is [A/m).
On the model; this operation. is ¢alled by thecommand-ling Htopl™.
Vatiable is any parameter that is uot generabed autmnatically by the soft-
ware and the iser wants to-observe., In the case of this work, the following

sariables were delined:

L. current.  Defined as "intopl(clanitotave, vlhl) . This represents the
spibial itegration . of the autonatic gmwmr('rl cle¢tric curent doen-
sity(clulitotaig elsl);

<3

ECL. Defined as “intopl{ K1 x rupstpop—~ K¢ xornd). Tlis represents
the ECL sigial generated by the cell and it is the spatial integration of
the rate equation for the decay of the excited state ruthenium into the
normal-stable specie]63]:

This are the only two phenomenons that tlis model is converned that the
g,mpiuc:a are not-antomatically gener atid Ty tlie softsware studies.

Geometry

The geometry of this model cousists:in an one dimension straight. line;
with the same length o8 the diffusion layer of the initial species (ruthcnium
and TPrA). This is enouglt to praduce reliable vesults because the only mass
trangportation. plienomena operating in the BCL cell is diffusion. Heénce, all
the yeactions will ocour on within the pari of flie electrolyie that is covered
by the dillusion layer. The-dilfusion layer is computed by Equation 5.1,
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5.4.2 Electroanalysis Node

After ‘the Backboite of the nioddl is vomplete. the ']}1'1'5-'81;(:9 camst e oars
ratged, Dy (he case of this work,, * Electroanalysis {(clan)” was selectod from
the "eleetiochemistey™ brinwch, This physie defiues Uie vquations and Lot~
Ay conditiong that will besolved by the software, Bvery physics offersseveral
nodes that will refine the boundary conditions of the system, fif order to pro-
dueo the most real resilt as possible. The nodes and boundary vonditions
definition fot the model of “this work will be. explained in the next sections.

fir this node, the whole cell domainmust be included. Aldso, the only mass
transport mechanism considéred is ‘diffugion, liexce the boxes: ol convection
and electro-migration muost: bechecked out.

On the "Dependent Variables® meni of this nede, the number of chemical
species that will, ab some point, be present in the cell are defimed. For (his
model, six specios were defined dnd ave listed below.

1. tn. Represents the R'u_(b,r.}g_;:-_)ﬁ*ﬂ;

2. rup. Represents the oxidized state of Ru(&py’)iﬁi’;

3. tpa. Represents tlhie TPra;

4, ‘tpap. Reépresents tlie oxidized state of TPLA ;

5. rie. Represents thie excited state: of R'{'&(’f)}:;:}'_)§+ :

6. pl. Represents tli¢ reacticu byproduet.
Diffusion 1

This node is defanlt. It will correspond o thie domain selected on the
Polan” pliysics unless it is overridilen Ly anether- node. Qu this hode, the
diffusion coefficients of all species that will be nsed Ty the model. COMSOL
set & standard valiie of 172 to alldiffusion c.oufhuenfa In-orderto make this
wodel more ffendly to fabure users, the dillision coefficients were defiied on

tlie parameters despite of the fact thab they are the standard ones, so, when
they need to'be replaced, one must only inodify the paraméteérs table.
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No Flux 1

This node is default. 15 will comrespond to (e domain sélectod on the
“elan’ plivsics unless. it is overridden by another vode. Sinee the model ol
thiis work does ol consider auy kind of electrolyte llux, 1o wodifications

needl-to. e done in-this node.

Initial Values 1

This nocde is default. [t will correspond to the domain seléeted on the
Pelan’ plysics uniless it is overridden by another node. In this physies, the
initiad values corresponds to the hiitial concentration of the chemical species
of the cell. Since just the TPraA and the riithénium: are present in the be-
sinning of the regetion, just their field must be Alled with the coresponcling
pargmeter to {heir initial concantration. Tlie othier species are uot present
in the heginning of thestudy; so their ficlds are kept with zero. Figure 5:4.2
iltustrates how the node should looks 1ike aftér this step’ is coniplel, edl.

Concentration 1

Tni this node the concentration on' the houndary-of the cell s defined. In
tlie case of the medel presenfed i this work, the extieme right bnumlm,}
(bnundaa vy 24u the geometry) is selected. Tlie nodeis feeded with the same
valies as the "Initial Values 17, This. because the solution can be definetd
as quidgscent. Which means that the initial concentration is the same at any
point of the cell.

Electrode Surface 1

This node defines what happens in the electrode/electrolyte nterlace.
The frst thing te be done here is to select a houndary that will yepresent
the electrode. In tle model of this work it will be tlié extreme left bowndary
of the geornetry’ {boundary 1 in the geometry), After; the cyclic voltam-
metry test wust be imposed. Hence, ont the ment Bmmtimv comelition™
&f the-iiode, ote must select " Cyelie Voltammmetry”. Once this 1 done, the
software asks for definitions on the 1111])111‘.:.(! a,ppl:c,(l to the electrode, such
as the mimbeér of cydles, maximom and winimwn potential and scan rate;
After-proper-delining this parameters, the node shonld looks like Fi igurg 5.4.2,
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After the proper definition of this nods, the potential waxe presant on
's. ! )

Tigure 5.3 nmst be the put potential on the clectrode.

Global: Electric Pateritial (),

T T =

| Electnc Potential I '

Electric P'p_ter}ti_al (V)

6 |
Tima

Figure 5:3: Applied potential°

With o vight click on this node, two. " Electrode Reaction” sub-nades arg
aleded, since two spécies arepassing thirongh rt-r:’tlbxﬁct_lua;r.-im13._(ifu.f;hc-alii_mn atid
TPrA) On each one of these sub-nodes, the respeetive equilibrinm potential
for tlie reaction is added on the méin " Equilibvinin potential at réterence
tenuperatie”. The * Electroanalytica Butler- Volmer” kineties is-selected for
bath redex processes; so.the curtent will be.depercléut on the coucentration of
the chemtical species. After that, the proper reaction rate coustant is selected
for each reaction fromt Table 5.4.1; tlie minber of clectrons participating. ou
¢ach Teaction is defined, oneelectron for both reactions.in the case of this
model; and Anally the stoichiometric coeffigicit of the reaction ave defined:
nete that COMSOL assine the eqiabionas a tadnction. so the initial spocie
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hag a stoichiometric coefficient of 1 and the oxidized specie a stoichiometrie

coeflicient: of —1. Figure 5:4 illustrates one of the two *Electrode Reaction”
nodes after being, proper defined-for this angdel.
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Figure 5a: Flectrode Reaction node for the ruthenint oxidation

Reaétions 1

This node defines the dremical reactions that will happen nside the ECL
cell based on the teaction rate of éach chémical specie. Tle used reaction
rates for this miodel were thestandard ones from basie ¢hemnical equilibriii
and consists of the faté constont for ench reaction 't'nu'ltipl'_i_e_(fl." by the con-
gentration of the reactants of the veaction. The unit of 'I_;‘]i_c rate constant is
arbitrary, designed s o way that, when '1m1l'l'.:i_titl'iet:!'---lf)_y_ all tlie congeutrations
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of the reactant, the final unit will be fmol/( (rr” % s}]. When the feaction tate
is posliwo‘ tlie specie is being’ produced in the §ystem, whiert it 1§ nepative;
the specie s heing consiined by the system, The reaction vates for this model
swe shown on Figure 5:5.
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TFigiwe 5.5 Reactions node
With this definflions, the model Is considering the sét ol roactions vep-

resented oi Baguations 5.12 and 5.13. These eoquations are equivalent to the
main reaction of the rutheniuin/TPrA systom.

PupA-tpap — rue p’l (5.12)

FUe — U (5.13)



5.4.3 Studies

The Bual step on constructing the model i3 Jefininy thestutlies. For this
model, two studies will he nsed, They ave described iim the following sections.

GV(:fii'c Volta'mmetry_

This study performs a cyclic voltanmietry on the defined systen. It, will
generate, antomatically, the eveli voltammogram and a graphic with the cur-
vent density. For the mn(;lul present in this. work, no modifications ueed to
be made in this noide.

Time Dependent

This study. will be used to observe the hebavior with respect to fime of
the coucentration of the chemical species present i the ECL cell. The ob-
served time interval hust b wide enaugh to contain all voltammetric: cyeles
of the CV study: '

5.4.4 Model Build

To build this medél from tlie beginmiig.on COMSOL, when open a new
model on the software, first the dimenision of the model must e selected,; iu
tliis case, oné dirderision; after, the physics must be selected, for this model;
one must opew the” Elec'tmchvmlstw‘ branch dlld soleet, the *Electrosnaly-
si” pl VHICS: finally, the ‘evelic voltammetry study™ isselecked and the model
root is generated. Since two studies are needed, right-click on the model rait
to and adiother gtuely, Hir this ask, "Thne rlcponclenb

5.5 Results
The tesults of tlis model-are the gyclic voltanunogram and the evolution

intime of the enrrent density and t-_he..mlmcubmtmns of the species preseént
in the BCL eell. Eacli of tliese are discussed in tlie following sections.
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5.5.1 Cyecliec Voltammogram

The évilie’ voltnmnogram is a. graphic of the - current density Qowing
throngh tlie systen with vespeet to the applied potential, defined on -sec-
tion *COMSOL linplanantation”. Cen be observed on Figure 5.6 that the
voltanimogram of the modeled system has two pairs. of peaks, one for the
TPrA oxidation/reduction and othe for the ruitheniunr oxidation/reduction.
The TPrA peaks ave the most prominent ones and the appear on lower volt-
apes. The position of the peaks depends on the nunnber of electrons invelved
in the redox process and on' thie constant rate of the redoex reactions. Hence,
the TPrA peaks Impp(‘n mueh coser fo zero because. the rateé constant for the
redox process is far bigger thian thc rate constant: for the ruthenium redox
protess. The influence in the magnitude depends o the concentration of
the specie in the cell. Sinee the initial concentration. af TPrA is also bigger
thairthe Hhitial eonceritragion of ritthenium, it is the main responsibie for the
current generation. Due-to this fact, the rutheninm peaks-are much sinaller
and diffictilt to be logalized.in tl‘sig._-t._;?pc: o graphic.

An fuiportarns Feabure to highlight s thait the ECL stgual is cmnitted most.
brightly on the time correspondent to the rutheninm peaks. So thie model
])lt'{h(‘l the light emission on the time where the potential reiaches, approxi-
5 0.58Y (positive peak) and =0.621" (negative paak). The mtheniim
pealh are nob syrmnetric with vespect to zerd potential dueto t lie eqpuilibriom
:1-)_0tc111L14.1= slightly negative in the case-ol this setup.

5.5.2 Current Density

Figure 5.7 presents the evolution of the cwrrent density with respect to
fimne. Twoimportant [eatures mnst he observed In this graphic.. The Hrst is
the decay of the waxitnum value for eVery” eyele sl by the consumption
of the TPrA in the process. The TPrA is not regenerated by the system and
so bhemadmum of the first. gyele cannot be reac Dl again. Tlie same dec: Ky
is oxpected to be observed in the "TPrA concentration graphie.and on the
ECL signat graplic. The second thing to be. observed is timt thie - makinum
of current 3§ coineident with tlie TPrA pm.k con the cyelic veltaiumogran.
The nermal decrement on the enyrent value is terrupted bu a very sinall
secondary peak botween 1 and 2 seconds. This peak is due tey the ruthes
nium peak of thecyclic voltammogran. Iis the ease of the: studlied system, is
gasier to loealize the ratlenium peak in the cuirent: density graphic Lanin
the cyeli voltammograin itself. Since the two peaks are colnicident; the ECL
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signal emission ¢an also he predicted by the position of the secondary peak
on the eurrent density graphie, and it is expected to happeny, for the positive
part ol the Brst cyele. hetween Dand 2 secondy Trom dhe beginniug ol the Gest,

T 1 T T T T T
0.003 | : : | — Currert Density | 4
0,0025 i
g.o002 & 4
0:3015 | a
—é 0,001 | oy .
& 00005 | ™ -
c. )
w
o .
g ' -
© .p.o00s [ .
-0.001 |- ~
-0.0035 + -
0.002 F ]
-0,0025 | : i
0 2 4 8 & 10 17

Tiee

Figure 5.7 Corrent density:

5.5.3 Ruthenium Concentration

" Figwres 5.8, 5.9 and 5.10 presents the evolution on time of the concéntra-
ti’io'ns‘-r.)f'ru-ﬁhenimn,_'Ox'idized.-I'txthenim'n s exeited rutlieunm, l'téspt*,{:t;;iixrei5=;
Since the rutheninm is regenerated by the system, the waxitmm values of
Figares 5.8 and 5.9 are coustant over the eycles, also hnportant to notice
these two. figures are complementary, The same regenerative behavior is
not observed in the éxcited rutheniom 5.10 beeavse this forn is generited
i1 & reaction involving TPrA (Equation 5.10) that is being consumed and

62




transformed into by producls. As a consequence, the magnitude decay ob-
served here Iias: the same behavior observed iu the cirrent deisity f’!d[)]llt

And, sinee the BCL signal th;nn:h on e exeited. rutheninm coneentra-
tion(Equation 5.11), this graphic alont. damoustrates the corriclivensss of
the model with respect to thie Toss of '5'[!?,]1&1 mfvusltv over the vollage cycles,

ohserved experimentally.
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Tigure 5.8: Concentration of the Ruthenium

5.5.4 TPrA Concentration

Fignres 5.11 and 5.12 present. the evolution.of tlie.concentrations of TPra
and axidized TPrA, mhpochvelyj aver time. Agaiy, these two graphics. are
conploamentary and the decay of the maximuin value over the eveles is due
to the consumption of the specie by the systewn reactions. The envelope that
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covers the decay is the satie one.observed on Figures 5.7 aid 5.10.
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Figtire 5.11: CGoncentiation of the exitized riutheniam

5.5.5 BCL Signal

Figiire 5.13 preseuts the evolution of the. E(?-f;_;sigug};li over fime. [ can
be-observed that the maximman of the light emission is edincident with the
seeondary peaks on Figures 5.6 and 5.7, auid also that the intensity: decre-
ment for every passed cydle. The nnique features of tlis graphic are the
observation of Tight ¢mnission on the tiegative part of tlie voltage eyele and
that the maxinmun values for the negative part are smaller than the pesitive
peaks. Also, the negative peaks do not present any inteusity decrement over:

the cycles. This is because the limiting factor for the emission in the positive

part of theeyele is the concentration of TPrA, while for flie negative part the

66




0.9}
o8l _ . : i
07 b : -

0.6 | ' : N

4.5 ’ . . A

0.4 | B

toncentration TPra_17 (molim?).

o3l i

oz b .

‘0 2 4 6 8 10 12
Time (_s)

TFignre 5.19: Coucentration of the oxidized TPrA




einission is limited by other Factors. Is expocted that, for more voltammesric
eveles, the peaks negative part also start to deeay whien the futensity of tlic
peaks on the positive part reaches the-same Intengity value.
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Pigure 5.13: ECL signal

5.6 Possible Improvements
This model is effeetive in providing:a first approximation for-the studied

pliencmena. To hitprove the model precision, the following features caur be
inelucled:

1. Include the side redcetions of the rutheninm /TPraA system. This can be
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done by adding the chemical species present on the side reactions and
cle

ning their fate expression on-the reactions. notles Ty thisopeeation, one
must be caveful with the eonvergence of the model. stee big diflerenees
in‘the absolute vatues of the tate expressions can compromise the mocle]
CcONVErgenee,

2. Inelude the dependency on the pH, The plIl is can be de
ned as @ measurement of the H+ concentration: So this coneéntration
must be de
netl, also-the Toss of protons by the oxidized TPrA must be defined as
a-reversible reaction. This twe modi
cations will, probably, similzate the decrease-of ghe ECL signial for lower
pH.

3, Include the clectrolvte ohmis resistance.

4. Apply proper valites for tie diffusion coeflicients of the chemical species.

5. Expad the dimension. of the model,

8. Introduce the effect of water electralysis on the system.

5.7 Secondary reactions

Tn tliis section, the secondary veactions of the Rutheniumy/TPrA system
were. included i thic model. Which w111 hopefull\ increase the predision of
the simulated results and present uewsaspects to the software output, pro-
viding a better approximation to véal experiments.

This section will first present the reactions that Werie included, then ik
will’ .u:\':;)l‘-un the modifications. miade on the software and inmlh pms,f,nt the
results of the modified model, with, a briel comparison witl the vesults o
the praviois section.

5.7.1 Boundary Conditions

Though the mechanisin of the Ruthenium/TPrA system was exaplained
in details-opir clhigpter 3, tlie Teactions. that were mncluded on this new version




of themodel are repeted below. They confribute with two new cycles of
Turmnineseense.

First. eycle:

.R’L;.(bjr{t;)';‘i"}' b P PrA® — Rulbpy)y - Pl {5.14)

Ra(bpy)y -+ Ru(bpy)st wé‘z.R'u.(f}_py)g“' -+ __'R-'_zt'(bpy’)g"’" {5.15)

Second cyele:

TPrA™ 4 Builbpy)s — Rulbpy)3™ + T Pra. (5.16)

These i cycles toguires the inclusion of one new chemical specie i the
softvare, which s Rulbpy ¥ (vepresented hy “run”). All the other species
_ Y3 t oy A 5P
are alieady present n the previots version of the titodel.

Also, there is no new equation that must be selved, the update consists-
only: in consideshing thiese two new sets of equations and observing how they
iufluence the system hehaviar,.

5.7.2 COMSOL Implementation
Parameteis

In order to include the: rew sets:of reactions, tle rate constante of the
reactions between Rulbpy)s and Ru{bpy)i™, and TPrA** and Rulbpy)i were
ineladed on the parameters table as Kr3 and K4, respéctively. The values
wele again stracted from R. Mark Wightinan work {?}

Electroanalysis Node

This ig the node where we add the new cliemical specie "rup”.. Also.
the-side reactions. introduced many disturbes in the systewr.  As a conse-
quetice, more voltage ¢ycles had to beintroduced, so the systein conld pass
the fransient phase and we were able to.ohserve the stationary bche_wiori In
lis sinvlation, 15 cycles were used in the CV test.
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Reactionsi

Tn this node, all reactingrates had to be rewrited due to the presence of the
sidle réndtions, this s beeause they influence the concentration of the chiewi-
cal species that where present on the main reaction, Figuve 514 prosents a.
]’Jl‘llltb(!-l(;‘-f}n of the reaction node wsed 1n this shinulalion; where all reaction
rates dre written in funciion of the concentration of the respective reaction
products and rate constant.
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Figure 5.14: Reactions node ipdated

5.7.3 Updated Results

This subscction presents the testilts of the simulation of the upidated: soft-
tware: The Inain zaal is to stablish a-comparison betweent these results with




the ‘ones presut on section 5.5. For a more detailéd Q\pi'amliibn about tlie
importanee of eacls graphic, i vee oriended to consult scction &

Cyelic Voltammogram

The cyclic voltammopgrams o the two models presont in this work are
very similar. In fact, the main dilference is that the eyclic volbammiogram of
the anadel with the side réactions have move eycles. Tliese extra cyeles were
included in order to overcome the transiient that will be present in the mext
graplites.

This similarity i8.-in faet; expected, because f.liou_gh-. wiore reactions are
hclppomng ingide the electrolytic cell, notling was alterated in flhe elee-
'tm/olvclml\,lo interface, which is the place that most influence the cyelic
volbanmaogrin.

5.7.4 Current Density

Fignre 5.106 presents the enrrent density witlh respect to time of the up-
dated model. Again, tlie enrrent density of the two models sre very alike.
Both presents the exponential deeay and the secondary peaks. Again, this

is expected-bucavige the fegion that is betng analysedl by this graphic is the

interface hetween the-electrode and the electrolyte.

Ruthenium Concentration

Fzgm 08 51710 5.20 present the evolution.of the concentration of Ru(hpr}).f

Rullpy)st, Ru(bpy)3™, respectively.
Now, siibistantial r.ll.tﬁ,elen{-.'.t:s between the two madels can ho-observed. Tni-
tially,. in the mnodel without the side reactions; all Bu{lpy 2 were regener-

ated, g0 its concentration vas equal todts initial couceéntration in the begining
of every cyele. When the side reactions are included, a huge concentration.

drop is ohserved bhetween the first and the'second cycle. After that, the con-
centiation starts to varry its-valne until it stabilizes on 0.062 mol/L close o
the lth cyele. this meang thiat there is« cousiderable amaiut of rutheniting
38% of the utial eoncentration, thet retains on other oxidation state; more
specifically; in the Ru(bpy)i form, as shown on Figure 5:19. As aresult; the
concentrabion of R-‘ti\("bp;f}_)g* - Figure 5,18, 15 also smaller when cotmpared with
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the medel withont the side reactions:
The coneentration of Rulbpy)a® is.a hit morelelicate to beanalyzed be-
cange all venetions contribute to-its generation. When cobipared wiht Figire:
5.10, Figure 5,20 presents a.similar maxinan of G2LU-"nel/1n®, but & nmeh
faster dachy: Since the amount of phototis libeiated by the process depends
on the goneentiation of molecules o tlie excited state, a shnilar hehavior iy
expected on the ECL signal:
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Figure 5.17: Concentration of the Rutlienium: npdated:

TPrA: Concentration.

Despite of thie fact that the TPrA is now being regenerated by Bquation
5.16, the overall bebavior fo its concentration still the: same witl respect
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to the medel without the side reactions, This is expected hecanse the con-
suliption of this- SpeCie s morgestinon r'Llld. faster than its regeneration, and.
also, it's heing converted o a-substance fhat is inert to te DYCCesS, That
means that 2fter each evele, there i less TTeA 1o he aged and regenerated.

The concentration of TPrA, FPrA™ auid tic iner. substaned are present on
Figures 5.21, 5.22 an 77,
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g i

ECL Signal

As expected, the maximum vilue of the signal, present in Figtire 5:24, is
smaller than in the simpler model. The time %yuduom/atlon explained o
sectiofn 5.53.5 of this work still present; but there is a third, signal peak due
to the side reactions that is know relevant. Also, it follows the belavior of
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the ritheninn concentration, with a very dotable. transieut wunti} the fifyth
eyele, then stabiliziig.
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Chapter 6
Conclusion

This Maste Thesis presents o COMSOL Mulsiphysisc model for the cyclic
voltammmatry test on Rutheninm/TPrA BCL systorn. The model consists of
ant one-dimension geometry and only takes inte aceount the firsk reaction
wave ol the system, shinplifications made to keep o low votputational cost.

Despite-of the simplifications, the modgl was able to predict the system
behavior. The qualitative behavior of all grapliies gener ated Ty the model
were according. to the experhmental tests previously performed at the labo-
ratory of Politecnico di-Toving (MIiNES), where T did my work. The main
dilference between the model- gutput and the: experimental data is the posi-
tion: of the secondary peaks -on the eyelie voltamniogramm.. Experimmentally,
these peaks appers close to —0.8V and 0.8V, while: these same peaks were
predicted to apper-close to ~0:61" and 0:6V. This difference implies that
tlie- model predicts the light emission before it actually happens on the ex-
perimaent. This: pesition difference is believed to be taused by the clectrode
railius, because while the. experiments use a micro-glegtrode, the model is
taking: Into-account a macroscopic clectrode.-

This-mode! can be fmproved by adding the second reaction wave: of the
Futhenivm/TPrA system aiid the inclusion of the pH influence on the ECL
sigral. Bxpanding it to two or three dimensions is also possible, but it is &
secotidary feature, since wiost of the systeri dynainies oecurs withii the lif-
fusion layer and it can be very well represented by the one dimension model.
Anbother "ail'_u of this work was to build 4 mnodel that car e C!HIIV learned
wnd inodified in fubure works. The way that the model was Iuild sutisfy that
tfeature. To proceed studies with different electrode radits, initial corncentra-
fons or even potential waves, it is only necessary to parform the desirable
modifiealions on the parameters table an the wiodel will provide the results
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for- the new sebp. To ;1)’(;‘1:1_.'0_1'111-'iilt‘.&[i@_l.‘ miodifications, such ds model aother
BECT, system, the reading of Chapter 5 of this work is tecomnended. This
chapter provides o quick tutorial o Diewe to build the presented medel, so by
vealivg, it, oue can master Hie maodel and perform the desired tests,

As 2 complement o the work. done ot Politeenico di Torino, the side re-
ackions weie- implemented o the model. This modification resulted in the
appearence of a transiont oir the BCL.sign al, where the fivst. voltanietric eyelic
i not the ong with the strongest-signal, Also, the process has lost effiency
and presents.a faster decdy. Unfortuniately, the iesults of the model cannot
be comparerd with experiments, sinee there 18 no experiments: concerning tlgs
systein at Escola Politenics de Sdo Paulo. As & futuie complement 1y this
work, we intent to study and implement expevimentally tlis systemn at Poli

Usp.
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