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Preface

L’elettrochemiluminescenza (ECL) e un fenomeriilstudio coinvolge
sia aspetti fotofisici che elettrochimici. Lo staézcitato viene raggiunto
attraverso uno stimolo elettrochimico. Le sue agioni piu importanti sono
di tipo diagnostico; infatti la maggior parte delimolecole biologicamente
rilevanti come ad esempio le proteine e gli oligdeotidi possono essere
riconosciute e quantificate con una sensibilitapedficitd senza precedenti.
L'elettrochimica infatti a differenza delle piu slsiche tecniche della
fluorescenza e chemiluminescenza consente di dlanérdemporalmente e
spazialmente la generazione dello stato eccitato.

Sono stati veramente preziosi i due periodi paspegsso i laboratori del
Prof. A. J. Bard, uno dei pionieri del’ECL che tgdi altri meriti fu il primo a
mettere a punto la tecnica ed a riportare nel 1972orprendente emissione
del Ru(bpyf*. In questa introduzione non posso non ringrazidreuore i
miei supervisori Massimo e Francesco prima di tyi& il loro aiuto ed in
seconda battuta per la irripetibile opportunita éntrare in contatto con
questa grande personalita che ha finito per ensmsiarmi profondamente.
Non potro mai essere grato abbastanza...

Considerando che le tecniche ECL sono da diversi fondamentalmente le
stesse la ricerca e finita per indirizzarsi fondamalmente verso 1o sviluppo
di nuovi materiali con proprieta migliori dei predenti.
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Nel capitolo | vengono introdotti i concetti esheccanismi di base necessari
per comprendere gli esperimenti ECL senza comursgeadere troppo nel
dettaglio; infine vengono descritte le direzioomflamentali delle indagini.

Nel capitolo Il partendo dagli apparati sperimain dei laboratori di A. J.
Bard viene descritto accuratamente il design, lalilzazione e la messa a
punto del nuovo strumento ECL di Bologna. Questa @ assemblaggio ha
richiesto non pochi sforzi ma ha consentito introeludovi la nuova tecnica di
proseguire gli studi ECL in Italia.

Nel capitolo Il vengono introdotti i risultatilegli studi elettrochimici ed
ECL su alcuni complessi del Ru(ll) di nuova sintesitenti leganti basati
sulle tetrazoline. L'emissione ECL e stata studisi@ in soluzione che allo
stato solido. L'effetto sull’ ECL della protonazemell’ anello tetrazolinico
per via chimica e stata altresi oggetto di indagesdenziando il presunto
effetto catalitico di uno dei complessi nella gexmone di idrogeno
molecolare in un solvente organico. Da ultimo, dabouni studi preliminari
sull’emissione ECL in buffer acquosi, € stata testdinterazione diretta di
alcuni complessi con DNA timoidale mediante titmagz ECL e PL.

Nel capitolo 1V diversi complessi dell Ir(lllpso stati caratterizzati sia da
un punto di vista elettrochimico che ECL. Alcunimgessi erano gia noti in
letteratura per la loro alta efficienza mentre imanenti sono nuove molecole
contenenti leganti tetrazolinici analoghi a queltudiati nel capitolo
precedente. Interessante € stata la possibilitilendiata da un complesso
alogenato di poter studiare la cinetica di una res® chimica elettro-indotta
tramite ECL.

Nel capitolo V infine viene investigata la pbdga di utilizzare chip di
silicio monouso, sui quali sono sputterati gli &ledi, come devices analitici



ECL. Iniziando dalla fabbricazione dei chip, gludt di riproducibilita del
segnale ECL e I'ottimizzazione della geometrim&ipoi descritta in dettaglio
la sintesi di un marcatore ECL basato sul Ru(bPyg la funzionalizzazione
dei chip utilizzando un SAM di acido lipoico corrat® di ancoraggio. Dopo
alcune caratterizzazioni di verifica con spettrgsieco di massa (TOF) e
mostrato come tramite una rapida e semplice misbH@L sia possibile
confermare la presenza del prodotto di coupling chip funzionalizzati con
un elevatissima sensibilitd. Nessun segnale e stat®ce evidenziato
utilizzando sullo stesso sistema metodi fluoriroetri

Spero che questa tesi sia uno stimolo verso ilioteyhento della conoscenze
in quel universo ancora poco esplorato che é I'ECL...

The study of electrochemiluminescence (ECL) invsly@hotophysical and
electrochemical aspects. Excited states are pimplty an electrical stimulus.
The most important applications are in the diagoditld where a number of
different biologically-relevant molecules (e.g. f@ins and nucleic acids) can
be recognized and quantified with a sensitivity apdcificity previously not
reachable. As a matter of fact the electrochemislifferently to the classic
techniques as fluorescence and chemiluminesceriosysato control the
excited state generation spatially and tempordlhe two research visits into
A. J. Bard electrochemistry laboratories were pese Dr. Bard has been one
of ECL pioneers, the first to introduce the teclwsigand the one who
discovered in 1972 the surprising emission of Ryh | consider necessary
to thank by now my supervisors Massimo and Frarmcésctheir help and for
giving me the great opportunity to know this unigegéence man that made me
feel enthusiastic. | will never be grateful enough...

Considering that the experimental techniques of Edid not changed
significantly in these last years the most conuani@search direction has
been the developing of materials with new or impbproperties.
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In Chapter | the basics concepts and mecham$rB€L are introduced so
that the successive experiments can be easily stoder In the final
paragraph the scopes of the thesis are brieflyrithest

In Chapter Il by starting from ECL experimengglparatus of Dr. Bard’s
laboratories the design, assembly and preliminasystof the new Bologna
instrument are carefully described. The instrunassembly required to work
hard but resulted in the introduction of the newhtéque in our labs by
allowing the continuation of the ECL studies begaiiexas.

In Chapter Il are described the results of tetehemical and ECL studies
performed on new synthesized Ru(ll) complexes dnimg tetrazolate based
ligands. ECL emission has been investigated intisol@and in solid thin films.
The effect of the chemical protonation of the tmttate ring on ECL emission
has been also investigated evidencing the poggilbli a catalytic effect
(generation of molecular hydrogen) of one of theplexes in organic media.
Finally, after a series of preliminary studies o6LEemission in acqueous
buffers, the direct interaction with calf thymus BNf some complexes has
been tested by ECL and photoluminescence (PLJititra

In Chapter IV different Ir(lll) complexes haveedn characterized
electrochemically and photophysically (ECL and P&pme complexes were
already well-known in literature for their high quam efficiency whereas the
remaining were new synthesized compounds contaib@tigazolate based
ligands analogous to those investigated in ChadptDuring the tests on a
halogenated complex was unexpectedly evidenced palssibility to follow
the kinetics of an electro-induced chemical reachkip using ECL signal.

In the last chapter (V) the possibility to useormo-use silicon chips
electrodes as ECL analitycal devices is under tigason. The chapter begins

v



by describing the chip structure and materials thesignal reproducibility
study and geometry optimization is carried on bynagstwo different
complexes. In the following paragraphs is repoitedetail the synthesis of an
ECL label based on Ru(bp§)and the chip functionalization by using a lipoic
acid SAM and the same label. After some prelimircrgracterizations (mass
spectroscopy TOF) has been demonstrated that by ofea simple and fast
ECL measurement it's possible to confirm the pmeseof the coupling
product SAM-label into the chip with a very highnsgivity. No signal was
detected from the same system by using photolsoeree.

I hope this thesis will be a boost to expand knadgéeof the partially explored
ECL universe...
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Chapter One:electrochemiluminescence

Nsibi sed aliis

The electrochemiluminescerdECL) is an emission of light at electrodes in
electrochemical cells caused by electron transéactions of electrogenerated
species in solution. A typical system includes latgmn containing reactants A
and B with supporting electrolyte. The reactiomuence to generate an
excited state and light emission is:

Ate-- A (reduction at electrode)
B-e-- B’ (oxidation at electrode)
As+ B’ o, 'A*+ B (excited state formation)
A* LA +hy (light emission)
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A and B could be the same species, e.g. Rugbpiy) oxydized and reduced
form. The term electrogenerated chemiluminescen(eCL) is used to
distinguish from generic systems where light isteedi in electrochemical
cells. Let's consider some well known phenomenanging light emission at
electrodes in electrochemical cell that are not ECL

Chemiluminescence reaction¥here are numerous chemical reactions in
solution on a species that causes light emissidtenCthe production of
excited states is mediated by the reaction witloxide and oxygeit. Some
well known examples are luminol, oxalate esters kmiginen with many
pratical applications. Considering the luminol ¢(&#ao-2,3-dihydro-1,4-
phthalazinedione) the chemiluminescent reactiogeigerally carried by the
addition of hydrogen peroxide in the presence ofi@n which generates
hydroxyl radical.

Glow discharge electrolysislf electrolysis is carried out with a small
electrode, high voltages and very high current iiessthe evolution of gas
(e.g., oxygen at the anode) forms a gas layersiyparates solutiéreontact
from the electrode. At higher applied voltages,akddwn occurs in the gas
film leading to a glow discharge and emission giitP

Electroluminescence (ELY.here are several different mechanisms by which
light is emitted in solids, usually semiconductarns insulators. Dielectric
breakdown, similar to the glow discharge phenomethah occurs in gases,
can produce light emission. This involves rathghhglectric fields. Another
high field form of luminescence in solids is rethte cathodoluminesence that
occurs when cathode rays (beams of electronsesdrighosphor, as in cathode
ray tubes in oscilloscopes. An EL process thatloser to ECL is one that
involves electron-hole recombination in the soliolldwing injection of
carriers (sometimes calladjection electroluminescengeThis is the process
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responsible for light emission at suitable p-n jiows in light-emitting diodes
(LEDs), for example of GaAs.

1.1

A brief history of ECL

The beginning of ECL experiments was in the midd}é0s years. The main
problem in most experiments was the use of aqueoysartially aqueous
solvents. This way the developing of organic etsdtemistry was not
possible. Water has the disadvantage of havingnieli range of available
potentials before it is oxidized to oxygen or reglli¢co hydrogen (i.e. it has a
small potential window. The situation began to improve with the intraitue
of the use of aprotic solvents like acetonitrilee@®N) MeCN has a large
potential window allowing difficult oxidations arréductions to be examined.
Many organic compounds show reasonable solubilityeCN and the solvent
itself has negligible acid and base propertiesrédblem with the early studies
with MeCN however, was that the solvent was oftentaminated with small
amounts of water (and sometimes oxygen), so thah evith this solvent,
electrogeneration of radical ions was not notitethwever with the advent of
electrochemical cells that could be used on vactines or in glove boxes,
with highly purified and degassed solvents andtedaes, electrochemical
experiments showed that reduction of many aromiagidrocarbons led to
rather stable radical anions and oxidations prodluaaical cations. The
application of electron spin resonance to studgtedgenerated radical ions
showed that they were the same as those prepaesdicaily and was also
important in proving the ready production of thepecies at electrodés.

A chronology of essential ECL experiments from shey to the ninety years
is shown in the time line reported in fig.1 . In6#9 Hercule$" used Pt
electrodes in MeCN or DMF solutions and showed siwmiis of light with a
number of hydrocarbons, including anthracene, diphanthracene (DPA)
and rubrene when the electrode potential was cyatléequencies up to 10
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Treatment ECLin

of ECL Ru(bpy);2*
Theory arggglents RubpY)32* oxalate as polymer TPrA as Eiglz;;g;y
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110 ]
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1970 1980

2+
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1964 1969 system 1981 1984 electrodes
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Figure 1: Time line showing the evolution of ECL erpents from 1960 to present days.

Hz. No detailed electrochemical or spectroscopsulte were reported, with
detection of the emitted light by eye. Approaches d theoretical
understanding of the ECL response, both in termthefreason for excited
state formation and for the shape of the electnmoted ECL transients,
followed soon after the first experiments. The phahinescence of
Ru(bpy)®* was reported in 1939 and its spectroscopy was studied rather
extensively in the late 683.The ECL of this species in MeCN solution was
reported in 1972 and ascribed to the reaction sequence

Ru(bpy)s** - e- Ru(bpy)s® (oxidation during anodic step)
Ru(bpy)s** + e~ Ru(bpy)s’ (reduction during cathodic sp)
Ru(bpy)s" + Ru(bpy)™ - Ru(bpy)s™" + Ru(bpy)s **

Ru(bpy)s *” — Ru(bpy)s** + hv

The discovery of ECL with the water soluble Ru(bpy)suggested that
aqueous ECL was a possibility, especially sincevdts also known that
Ru(bpy), ** was reasonably stable in aqueous solution. Thielemohowever
was that the potential window of water is rathermbroompared to that in
aprotic solvents like MeCN. What was needed waai@msoluble species
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that could generate the reductant for reaction \Kitt{bpy)** by oxidation
rather than by reduction. Such a species has bekopwn as aoreactant
The discovery that oxalate anion would behave ax@actant via the reaction
sequence:

C2042_ -e - COZ- + C02
Ru(bpy)s**+ CO2" - Ru(bpy)s *” + CO;

meant that ECL could be generated simply by oxidizRu(bpy}** and
oxalate in a mixturé® A more efficient coreactant for Ru(bg¥/) tri-n-
propylamine (TPrA), at pHs near 7 was found a fearg latef®*’

1.2
Pratical applications

Analytical Applications.The advent of aqueous ECL , and especially the
discovery of coreactants made the ECL suitableaf@lysis . Since different
coreactants, like oxalate and pyruvate would reéttt Ru(bpy} ** to produce
emission. A different type of analytical applicatidnvolves the use of
Ru(bpy)®* or other ECL active emitter as a label , usuallyaobiologically
interesting molecule like an antibody replacing pineviously used radioactive
or fluorescent labels. The sensitivity of Ru(bpy)ECL determinations is
high, down to pM levels, and the linearity of respe with concentration is
good:® ECL has an advantage over fluorescent labelse sirdoes not require
a light source and is free from effects of scattelight and fluorescent
impurities in the sample. ECL has thus been usethnearcially for
immunoassay and DNA analysis® A more detailed overview of diagnostic
applications of ECL will be presented in sectiof. 1
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Display and OLEDsEFrom the earliest days of ECL there was interesising
this phenomenon for lighting, displays and LED.l{£aesearch efforts did not
lead to commercial devices, perhaps because theatope life was not
adequate as well as the difficulty at the time veititapsulation of the emitting
material. However ECL was also observed in polyfiles, such as a film of
polymerized  Ru(bpyf® and  poly(vinyl-9,10-diphenylanthracefi&?
Polymeric and solid state light emitting electrauiwal cells (LECs) have
been investigated in recent ye&ts.

Thin layers.When a chemical reaction is performed using a astembled

monolayer or a Langmuir-Blodgett film as substitateonfirm the occurrency
of occurrence by NMR or Fluorescence is often naightforward. If the

segment added in the chemical reaction containE@ln tag is possible to
detect the presence of a single layer of molecdigsosited in conductive
substrates. Using ECL tags the study of structurange on surfactant
molecules is also possible following the modifioatof emission spectra. This
particular aspect will be illustrated in chapter V.

1.3
Preliminary concepts of electrochemistry and photdeemistry

In the following paragraph some basic concept ettebchemistry and photo
chemistry will be introduced”.

131

Electrochemistry

Electrode potential and cyclic voltammetry(CV).

The standard potentials E°(A))Aand E° (D, D for the electrodic reactions
Ateeo A

D'+ e D
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measured respect to reference electrode, baséx @air O/R

O+e—R
represents thAG? of the combined reactions

A+R-A+0
D'+RoD+0

When electrochemical experiments are performed mew the formal
reference electrode is the H/ldouple when all other reactants have activity
equal to unit. For practical purposes Ag/AgCl atusated calomel electrode
(SCE) are normally usédIn organic solvents as DMF and MeCN the couple
that is more often used is the Ferrocene/Ferrooer(iic/F¢). Under the
assumption that its potential remains constant asiqreference silver wire
electrode can be used when measuring the differeeteeen two redox
processes. The potential of a couple (A/A- or D/iBthe energy necessary at
equilibrium to remove an electron from @) or to add an electron to A (D).
In the fig. 2 a molecular orbital (MO) scheme igg#nted. This energy is that
needed to place an electron in the lowest unocdugi® (LUMO) of A or to
remove an electron to the highest occupied MO (HQ®ID.

The Fermi level is the higher energetic level odéedpn the conductive band
of a metal at 0 K. The energy of this level depemiishe material of working
electrode and is proportional to the density ofrtietal free electrons.

The overall ECL electrochemical reaction is

D'+A —-D+A
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Electrode

Fermi
level

f

Fermi
level

HH —t

Figure 2: Molecular orbital scheme showing eledtrostates involved in electrochemical
processes.

the relative free energy is
AG, =-FE,
where

E, = E (D*,D) —E (A,A") andF is the Faraday's constant

The entropy of reaction is function of the derivatrespect to temperature (T)
of the reaction potentiaE(or) according to the following expression

A’ = FT(0E /AT )r

In the case of ECL reactiomGro is in the range of 2-3 eV where'aEASor is
lower of 0.1 eV.
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Prior to ECL experiments, electrochemical charaagon of the
system and CV is typically performed. A currentgradtal curve i(vs.
E) of the compound object of study is obtained iprapriate solvent
and electrolyte with an inert electrode (Pt) swagptihe potential with
time (scan rate). The voltammetric curve shows the typical peaks of
reduction and oxydation of the system. In nerstgstems where the
electron transfer reactions at electrode intertaeefast and the positive
and negative charged radical produced are stahke, analysis of
oxydation and reduction waves can be used to ekl values.
Considering a typical case in which the processesrno electronic
(n = 1) and the reactant and products have the samesidiffu
coefficient O) one can write

E°= E,+ 1.109(RF/T )= B+ 28.5 mVat 25 °C

WhereE,; is the potential of the peak and positive sigforsreduction
and the negative for oxidation. The diffusion caéit D [cm?/s] can
be practically calculated from peak currgnivhen the concentration of
the species, dmol/L] is known using the following expression:

i,= (2.69 x 16)ADC v*2

whereA is the area of electrode [érandv is the scan rate [V/s]. The
stability of the electrogenerated species can lienated analizing
voltammetric waves. The existence of waves on salescan is an
evidence that the produced species egf@med by oxidation of D, is
reduced back on reverse scan. If insteddiDinstable for the time
necessary to cross the wave at the present satheateverse peak will
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be absent (orpilower) and the anodic wave will be shifted to less
positive potentials.

Chronoamperometry and potential impulses

In ECL studies of new molecules the potential iefstepped (rather
than swept) between oxidation and reduction preseds first potential
step from a potential where no reactivity is préderone well beyond
the E, where reduction or oxydation occurs is accompamth a
current i that decays with time (t) according te @ottrell model:

| = FAC*D %/(at)**

The decay of current intensity i in function 6f*trepresents a growing of
diffusion layer of formed product. The use of fastential impulses normally
produces higher time integrated light intensityhwiespect to that obtained
using fast cyclic voltammetry as switching poteni@n the other hand the use
of fast potential impulses require a good reveligiiof the included
electrochemical processes or ECL emission coulddiaappear.

1.3.2

Photochemistry and spectroscopy

Here is a brief introduction of some basics prilegmeeded to understand
luminescent phenomena of importance in EC1®,

Energy Levels

Energy states available to a molecule can be ystegresented by an energy
level diagram like the one shown in fig.3. The sohancludes electronic and
vibrational levels. The molecular orbital HOMO andMO of the molecule
can be assigned to specific electronic energy $e\&hown in this diagram is

10
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the lowest, singlet, electronic state of the mdiec& where electrons are
paired in the same HOMO. The multiplicity of a statin be calculated using
the simple expression 2s + 1, where s is the cgpémtum number. In the case
of paired electrons the multiplicity is 1. The fiexcited state, Sand T, (with

2 unpaired electrons) are also shown into the dragHigher energy levels as
S; and T, are usually not of importance in ECL emissionke Vibrational
levels for each of the states are numbered v= @..1 It is of interest to
consider the lifetime of a molecule in differenatss. The lifetime of an
excited vibrational state in solution is in the nggime, since energy can be
easily transferred to the solvent. This way, innmar conditions excited
vibrational states rapidly decay to the fundamental O vibration level (see
for example in fig. 2 the Sevels). The radiative lifetime of the excitedgiat
state, $for organic compounds is tipically in the scalensfand triplet states
are much longer (from ms to s regime) since rautiati transitions to the
ground state are “forbidden”. In the case of metadlates the lifetime of
triplet state is much shorter because the presainae heavy nucleus promote
spin-orbit coupling. For example triplet chargensfer excited state of
Ru(bpy)?* emits with lifetime lower than fis.

Photoluminescence

Light emission results from transitions betweenitexc and ground states.
Absorption causes transitions fromt8 various vibrational levels in §iving
the observed absorption band. Emission occurs tlenw=0 state of Sto
different vibration states ofy,3esulting in the emission band. An example of
absorbance spectra and its corresponding emissiogported in fig.4. The
wavelengths of emission band are higher (or redteshi compared to
absorption. (fig.4)

11
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Singlet sy:tem Triplet zystem
4
s T C
4 2 ¢
[ i i C Intersystem,
S, g LRy
§ |
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T
Absorption Fluorescence /
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4V /
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Figure 3: Energy levels and molecular orbitals Isgd in the absorption and emission of
radiation.

Flusrescence

Absorption

. n T T

420 470 520 570 620

Wavelength (nm)

Figure 4: A typical exampleof specular absorption (solid line) and emiss{dashed line)
spectra.

There is a difference in energy between the ahisorpind emission bands for
the transition between the v=0 states, the soa@l|6-band. This difference,

12
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known as the Stoke’s shift, is the result of theiogph transitions being
essentially instantaneous (~10-15 s), so that #e&reo structural or solvation
changes occurring during the transition. Thus dpeircitation,

the transition is from a ground state structur@roexcited state structure of
the same configuration. However the excited staggause of the different
electronic configuration, can undergo some strattahanges, for example,
reorientation of solvent, to relax to a lower enestpte. Emission from this
state then occurs to a ground state that has thiggaaation of the excited
state (which then relaxes to the original grourate3t The energy of the
singlet transition can be estimated from the speétr example as the average
of the energies of the 0,0-bands for excitation @&mdgission, if they are
discernable, or sometimes from the wavelengthyhere the excitation and
emission bands cross, by the formula:

Es (in eV) = 1239.8% (in nm)

Emission from the triplet state results in phosploence. This is rarely seen
for organic molecules in solution, because thesdecntes are readily
guenched by solution species before emission. Oxyigecause it is a triplet
molecule, is an effective triplet quencher.

Emission from triplet states is found however withtal chelates, which have
much shorter emission lifetimes than organic mdeurhe triplet states can
produce excited singlets, a type of energy up-cmive, by triplet-triplet
annihilation (TTA). This is observed spectroscoljcaas delayed
fluorescence. Note that in spectroscopy, someedistptes, for example 9,10-
diphenylanthracene, have close to a 100% efficieforyradiation to the
ground state, with very few triplet§formed by intersystem crossing. In this
case delayed fluorescence is not observed. Howetleisuch systems, triplets
can be formed in ECL by adjustment of the energetit the annihilation
reaction, where TTA is then observed. Thus states@metimes accessible in
ECL that are not available spectroscopically.

13
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Quenching
An excited states can be quenched by another nieléca quencher, Q) to
produce the ground state, i.e.

D*+Q— D+ Q*

where Q* can often decay to the ground state witlemission. Quenching
can occur by either energy transfer or electromsfiex. Energy transfer,
sometimes called Forster transfer, is favored leydlectronic energy of D*
being larger than that of Q* and a large overlaphe emission band of D*
with the absorption band of Q. The energy trangfecurs by a direct
electrodynamic interaction between D* and Q andicxat

short distances between the reactéhts.

_'_
4+ —
L T,
}
4

A

Figure 5. Scheme of the mechanism of electron feaggsienching

Electron transfer quenching (fig.5) occurs becdaheeexcited state is easier to
oxidize and easier to reduce than the corresporgliognd state of the same
molecule, by an amount essentially equal to thetati@an energy of the
molecule. The kinetics of a quenching reaction,gaserned by the Stern-
Volmer equation:

olp-1 =RR-1= koto[Q]
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where ¢° and ¢ are the fluorescence efficiencies anj &d R are the
fluorescence responses, in the absence and pres¥nee quencher at
concentration [Q], respectivelyg ks the rate constant for quenching, and
the lifetime of the excited state in the absenca gtiencher. Metal electrodes
can similarly act as quenchers by either energystest or electron transfer
processes. The energy transfer mode is analogodnster transfer, and
results from coupling of the oscillating field dfet excited dipole to the surface
plasmon modes of the mefdf° Quenching by electron transfer follows the
same arguments as given abdVe.

Excimers and exciplexes

An excimer (originally short for excited dimer) is a shondd dimeric or
heterodimeric molecule formed from two specie¢east one of which is in an
electronic excited state. Excimers are often diatcemd are formed between
two atoms or molecules that would not bond if bettre in the ground state.
The lifetime of an excimer is very short, on theer of nanoseconds. The
wavelength of an excimer's emission is longer thlaat of the excited
monomer's emission, because the excimer is stadhiimpared to the excited
monomer. Because excimer formation is dependent aorimolecular
interaction, it is promoted by high monomer densitpw-concentration
conditions produce excited monomers that decayh¢oground state before
they interact with an unexcited monomer to forneacimer.

The term excimer is, strictly speaking, limitedceses in which a true dimer is
formed; that is, both components of the dimer heesame molecule or atom.
The termexciplexrefers to the heterodimeric case; however, comnsaige
expands excimer to cover this situation.

15
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14
Fundamental requirements and conditions for ECL

The essential requirements for efficient annilblECL where radical cation
and radical anion of the same specie disappeaupnugl excited state are:

(1) stable radical cation and anion of the preaunsolecule in the electrolyte
of interest ;

(2) good photoluminescence efficiency of excitedest

(3) sufficient energy in the electron transfer tieacto produce the excited
state. When these criteria are met, ECL will usula#i observed, although the
efficiency often depends upon kinetics of the etattransfer reaction.

141

Energetic Requirements.

The produced excited states depends on the endrggleotron transfer
reaction. Since the excitation energy is fundamnbntzlosest to a
thermodynamic internal energy, the usual energgroon for production of an
excited singlet state of energyh eV) is:

-AH, = E°(D",D) - E(AA) —TAS 0> E

The value of &S 0 is usually estimated as 0.1 (+0.1)%%? Frequently the
criterion is given based on CV peak potentials\(jnat T = 298 K in the
following form:

E,(D",D) - EJ(A,A") —0.16 > &

Reactions that satisfy this criterion are usuadlited “energy sufficient”, and
is said to follow the S-rout€.

16
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When AH® > E;, the reaction energy can produce the triplet raadtions are
said to follow the T-route. Sometimes, both excis&glets and triplets are
formed in significant amounts in the annihilatiomdaeaction is said to follow
the ST-route. If excimers or exciplexes are produie reaction it is said to
proceed by the E-route.

1.4.2

Coreactants

Energetics of ECL reactions that occur in presesfceoreactants is more
difficult, because the energies of the reactivermediates may not be known.
Fundamental principles are the same as with amutiibil reactions as concerns
the energy of the final electron transfer step.unber of coreactants for ECL
have been tested. For example, tri-n-propylamin®d) has been used in the
oxidative ECL of Ru(bpyf*.**'" The mechanism involves ultimate generation
of a radical that acts as the reductant with tleetedgenerated Ru(bp§).
Mechanism can be summarized as follows:

Ru(bpy)s™* - € — Ru(bpy)s>*

PerCH2CH2CH3 - > PerCH2CH2CH3+'

PerCH2CH2CH3+' — PerC.HCH 2CH3 +H*

Ru(bpy)s> + Pr,NC'HCH ,CH3 — Ru(bpy)s*" + Pr,;NC*H,CH,CH3

The oxidation of TPA can occur by reaction diredtythe electrode or by
reaction with Ru(bpyj*. Another class of coreactants has been tested and
successfully used: molecules that form strong axiglapon reduction .

The most active reductive coreactant has been fouma the $3> which
reduction proceeds as follows:

17
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S04 + € — SO + SO,

Where S@' is a strong oxidant that reacting with Ru(kpyr anion radicals
produces the excited stafe.

1.4.3

Monolayers, films and nanoparticles

In addition to studies of solution phase speci€3d, Bas also been observed in
monolayers on electrode surfaces and in variousstgp films.

For example a monolayer of a surfactant derivatfe Ru(bpy)®* (i.e.
containing a C18 chain linked through an amide liolka bipyridine) on Pt,
Au, or ITO electrodes showed ECL when oxidizedhea presence of oxalate
as a coreactafit.Similarly, a film of a Ru(bpyyf'-surfactant can be formed at
the air/water interface and contacted by the bot& touch method with an
ITO electrode and the ECL was observ&d?.ECL active layers on the
surface of beads or electrodes forms the basis haef ECL based
immunoassays. Films of polymers or solids can atsow ECL and are the
basis of light-emitting devices. Recently Ru(kpy)and Os(bpyf* doped
silica nanoparticles have been successfully sysbeés using a
microemulsiorf> ECL Emission was detected in suspension and fiwen
same nanoparticles deposited at electrode sutfade use of this particles as
ECL label for DNA and other biologically relevantotacules is actually an
interesting direction of investigation.

15
ECL as a diagnostic tool

151

ECL as an analytical tool

Electrochemiluminescence has been successfully ieappin clinical
laboratories of analysis and industry. At the bemjigs interest arise because

18
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of possibility to detect very low analyte concetitias. During his
development the technique revealed other advantesydse absence of matrix
effects and flexibility; this way diagnostic antédyl applications grew of
importance. ECL allows the combination of the ety and sensitivity of a
spectroscopic analysis with electrochemistry (ECTambining the two
techniques It's possible the generation of exceiedes without the need of a
light source that is substituted by an electrimatus. The absence of scattered
light and emission from impurities makes the sensitimproved. Another
advantage of electrochemical excitation is the ipdig to accurately control
spatially the emission trough working electrodeifpms. Analytical methods
based on ECL allow today the detection of biomdiezin a wide range of
molecular weights. Trough ECL the concentratiorsionply the presence of
specific proteins and DNA sequences can be cayafutinitored. Another line
of application has been the tracking of enzymesiaictinside living cells.
Last but not least feature of ECL is the low cdsinstrumentation especially
if compared with other techniques that can reaaofilai performances. The
simplicity and high specificity of every ECL measnrent is the key feature
which lead the technique to the success in thd télclinical diagnosis, food
analysis and new materials research.

15.2

Immunometric methods

The assay format more commonly used for bio-moecwésts at very low
concentrations is the introduction of a traceahleel in the analyte and the
successive use of the specific signal of the maféerdetection. With this
approach the intensity of detected signal is priopmal to analyte
concentration. Classical labelling methodologiegdusn immunoassay are
chemiluminescence (e.g. Fluorescein), fluorescenhe, use of enzymes and
radioactive isotopes. This approach has been ssfotlgs extended to
electrochemiluminescent dyes. The majority of comuiadly available ECL
based detection systems are based on the contaymporédation of
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Ru(bpy)?* and trypropilammine in phosphate buffer solutigR8S). This
method has been found to be very effective in giiffered acqueous solution
even in presence of air.

In general immunometric methods can be classifiediwo fundamental
classes: homogeneous and heterogeneous. In hetecagemethods detection
can not discriminate if the label is attacked o toathe analyte. In this case is
necessary to separate free label before measurecantbe performed.
Normally separation is made by immobilizing ondled component in a solid
substrate. Homogeneous methods, on the other bandjistinguish between
the free and bond tag. With those methods no agparis necessary and test
can be performed directly in solution. Methodolagthat use solid substrate
for separation evidenced however a great increbsensitivity and selectivity
with respect to homogeneous ones. In this caseriking force is the high
affinity between two biomolecules that causes \&gcific interactions. As
depicted in fig. 6 a probe molecule is immobilized working electrode
surface’ When the target marked molecules in solution atured by the
probe ECL signal will be proportional to the numbg&coupling sites.

] Solid substrate
:’(‘:i_ ’—J i . _ Immobilization layer
T ; J)’ % N\ "‘u‘“"/ﬁ Antibody
\ A s @ 1S R i
’ | — & —p = #* ECL label

Figure 6. Typical assay format of immunologicaldiegeneous methods based on ETL.

Immunometric methods can be also divided in cortigetiand not
competitive. In non competitive methods all anaigteaptured from antibody
and the signal is directly proportional to his cemitation (fig. 7 B). in
competitive methods the signal is modulated bypilesence of analyte which
normally has an higher affinity with respect toddéd target. In this case the
signal decreases when concentration of analyteasess (fig. 7 A).
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ECL intensity
ECL intensity

analyte conc.

Figure7. Dependence of signal on analyte concémtr&r competitive heterogeneous method

(A) and not competitive heterogeneous method (B).

The use of different types of specific interactidead to different assay

formats. (fig. 8) An example is the sandwich int&i@n

antigen/antibody/antigen (fig. 8 B).

Labeled ligand "
* ) R ™ Labeled
‘\

antibody

Antigen

~——— Capture
antibody

7

Electrode or solid surface

¥ O D . .
) C‘f " Laheled S~ Labeled
. antigen probe

a— Target
strand

o &g P
A !(/ !(/ = Captu
c I D ‘

Figure 8. Commonly used assay formats for ECL basedmics and proteomics. a) Receptor —
ligand assay; b) “Sandwich” immunoassay; c¢) Comipetitassay; d) Capture of a target
oligonucleotyde using two partially complementargpture and labelled strands.
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This case is an heterogeneous non competitive méthavhich the labelled
specie in solution is an antibody specific for getiic analyte. A similar
technique is also used in genomics. Nucleic acals lne detected using a
“sandwich” hybridization method by a labelled probgand and another
partially complementary immobilized probe. Eachiqgds complementary to
analyte in a different sequence. (fig 8 D) . Thenmhization of the probe on
solid substrate can be obtained by different teqpies, (i. e. by the use of
thyolate olygonucleotides) . First commercial instent which used ECL as
detection system was in 1992 “ORIGEN Analyzer” (f by IGEN inc. In
this instrument the solid phase was constitutddizdlled magnetic beads.

Figure 9. “ORIGEN" Analyzer (1992)

General setup is summarized in fig. 10. The heaftthe instrument is the
flow cell which is filled by a peristaltic pump tha&harges in appropriate
sequence magnetic beads, analyte and reagents. ferianeasurement
magnetic beads are attracted in front of workiregebde surface by a magnet
(fig. 11) . At this point the coreactant tripropylmine is introduced and
electrical stimulus is applied. The emitted light idetected by a
photomultiplier (PMT) positioned in front of worlgnelectrode. After each
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experiment cell is washed by a NaOH 3 M acqueolsisn introduced by
the same peristaltic pump.

'y

Sasry Hoarme

¢ famg Iunu_,n'"

Camysdn

Figure 10. Scheme of ORIGEN ECL analyzer

The use of ECL based homogeneous methods has ¢weed to be of scarce
practical interest. The main problem encounteretis approach is the ECL
intensity drift that follows aggregation of antigeith antibody most probably

Flow

FMT

—>""2s"s

U

Magnetic

Introduce magnete beads with bound assay
componen, including label,

Caphare magaetic particles with magnetic field,
Working mircduce TPA buffer

electrode

Apply potential at electrode 10
induce ECL

s BCL

B Wash out beads
4:‘.: -
L 8

- 9 _6
g

N\

Figure 11. Work cycle of ECL analytical cell withetise of magnetic beads.
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caused by big decrease of diffusion coefficientsealby the formation of the
high molecular weight aggregate in solution.

153

Clinical applications

Most successful application of ECL techniques waglinical area there is for
monitoring biomolecules which presence is assodiatgh genetic or viral
diseases and dysfunctions of human metabolism. Miaén classes of
investigated compounds are: hormones, enzymesipsptnucleic acids and
antibodies. The assay can be qualitative or qudivét depending on the
necessity to ensure the presence of the searcimpoocmd or to quantify his
concentration. The tests are normally performediotogic fluids such as:
blood, serum, plasma, urines... As already statedvealieCL is an high
sensitivity and matrix independent technique; feistures allow successful
employment in clinical tests where well establishegthniques (e. g.
fluorescence) encounter difficulties. The numbeEGL based clinical tests is
increasing each day. A number of ECL based clineasts have been recently
summarized in a reviell; the majority of the methods employs the N-
tripropylammine as coreactant in acqueous buffer.example ECL detection
can be used in cancer diagnosis, in some caseltsteese can be recognized at
the early stages increasing the percentage of ssiafethe therapy. Another
interesting example is the quantification of thglai hormones in blood useful
tool to track important dysfunctions. Although EChas found many
interesting diagnostic applications the most imgatrtremains genomics.
DNA (deoxyribonucleic acid) is essentially an origarpolymer which
monomers are the single nucleotides. Each nuckeaitbrmed by a molecule
of sugar (deoxyribose), a phosphate group and a fagosine, guanine,
adenine or thymine) and is connected with manyrethe form strands. The
order of bases in a single strand is called prinsrycture. The secondary
structure is known as double helix where two sdpastrands are coupled
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through base pairs by hydrogen bonds (fig. 12) Ddé& be found in the
nucleus of eukaryotic and prokaryotic cells insidgéochondria and viruses.
DNA is the place where genetic information is stiorinside the cell each
protein is synthesized according to the sequentkeobase pairs in a specific
portion of DNA. When a base pairs sequence or dentide is modified the
consequence is most probably a disease. The canoefortunately one of the
possible consequences of DNA mutations. This cemnaithn reveals the
importance of a sensitive method to detect flawsDMNA structure. To
recognize specific DNA sequences synthetic oligteatides are used as
probes. Only if the target nucleic acid strand asnplementary to the probe
they will combine together to form double helixustiure (hybridization). If at
this point the target oligonucleotide is labelletiman ECL active molecule as
Ru(bpy)?* the detection of light is a confirmation of theepence of the
searched sequence in the sample. The neces&ityAdfmapping and analysis
requires normally that many different sequencesl nede searched for. This
aspect justifies the great interest for LAB ON CHtRevices; in this
miniaturized laboratories many analytes can be kiyidetected with great
reproducibility.

Figure 12. From left to right, three possible deutsélix structures of DNA: A, B and Z.
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Figure 13. A lab on chip example: 12,000 differentleotides sequences are detected in a
single experiment.

This multi sample microchips are intended to replactual DNA analysis
techniques that require slow and sophisticatedquhaes in combination to
very expensive instruments. An example of an actuB ON CHIP
commercial system is shown in fig. 13. This miciipsharrays can detect up
to 12,000 different nucleotides in a single expenin There is not still an
ECL based LAB on CHIP similar to this but considerithat the detection
signal is an electrochemical current the extengiinprobably follow briefly
with the possibility of greatly improve sensitivityhe advantages of LAB ON
CHIP use are also automation, standardization ewerl probability of error.
Some examples of existing ECL methods based on Béfence analysis are
those for HIV and A and B hepatitis recognitfofi. With this scope ultra
sensitive methodologies have been realfZed

10 pm

Figure 14. SEM image obtained after hybridizatioatween DNA-MB and DNA-PSB/
Ru(bpy)?*. Ref. 47
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using Polystyrene Microspheres (PSB) as ECL labefiar (fig. 14). DNA
probe (p-DNA) single strand is bound to Magnegadis (MB) whereas target
DNA (t-DNA) , labelled with Ru(bpyf* is bound to PSB. Using PSB for each
strand of t-DNA bound to the bead are present DYxriolecules of label.
This causes a great increase of sensitivity thatldse to 1fM in t-DNA.
Figure 15 depicts previously described approacke. ddmplementary strands
will be magnetically separated after hybridizatamd formation of p-DNA-
MB - t-DNA-PSB/ Ru(bpyy** complex. The final step will be dissolution in
acetonitrile of PSB. The Ru(bp§) is released in solution from the complex
and ECL emission generated by oxidation in presende-trypropylammine.
The intensity of the signal is proportional to t-BNoncentration with ultra
high sensitivity.

. N

. . Al W i) ;
gty Magnetic bead '
ol e 0 ‘a |
-\ T
3 ) ECL label loaded
ECL label/Polystyrene polystyrene bead

Bead + target ssDNA g
Magnetic Bl e i— / 1 \'/
+ probe ssDNA rd
Hybridization / ¥ Magnet

I wane ssDNA
'-I-

Figure 15. Hybridization scheme of DNA using pojyehe beads as ECL carrier and magnetic
beads for p-DNA-MB« t-DNA-PSB/ Ru(bpy* complex separation in flow cell. Ref. 47

1.6

ECL new materials: the philosophy of this thesis.

A fundamental topic in ECL research is the develgmf new molecules and
materials that show high quantum efficiency artlaeblue shift with respect
to Ru(bpy)?*. Reliability to modification for using as label iiologically
relevant molecules or to prepare light emittingdsdevices are other suitable
features . Fundamental electrochemical, photophlysied ECL properties of
many new materials have been carefully studied. wiwel material has been
translated in different ways: molecule of the eemnjtiggregation state of the
emitter, immobilization state, material of the @&fedes... This way ECL
characterization has been performed in differemditemns depending on the
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nature of the material and the scope of the meamme Accordingly ECL has
been obtained from thin solid films and functiomati chips. Together with
basic qualitative studies quantitative studies Haaen performed to check the
effect on ECL of interaction with DNA or protonatiof the dye.

The two research visits in A. J. Bard group at arsity of Texas made me to
understand the many possibilities of ECL technid#hen | was back in
Bologna | wanted to make possible the continuatiothis very promising and
interesting investigations. For this reason onehef priorities was also the
developing of an instrument for ECL measurementse Tnachine was
intended for characterization of whatever classy@iv materials. What We
obtained is a flexible and modular instrument tHadpe will be useful to find
the bright side of each new material.
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Chapter Two: ECL instrument design

“I Believe that innovative research is a mix ofmgdailures and few successes”
R. Zare

In this chapter an overview of the techniques usedenerate ECL will be
presented. The design and setup of the new instiuassembled in Bologna
is carefully described and compared with that ofdBalab in university of

Texas that has been taken as a model.

2.1

Switching potential and instruments for ECL

As stated in previous chapter light can be genératering appropriate
electrochemical experimentgxcited singlet or triplet states can be populated
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in two different ways. The first is the classicah#ilation method in which
ECL active compound is alternatively oxidized aeduced. Second method
involves addiction of an appropriate coreactant gemkration of excited states
is obtained by a single oxidation or reduction stéor light generation the
fundamental parameters of the switching potential substantially two: the
maximum potential reached and function of variatiespect to time. The
more commonly used potential programs are lineaepswand repeated
continuous impulses which correspond to the clabstechniques of
respectively cyclic voltammetry (CV) and chronoamgmeetry (CHRONO).
Assuming that radicalic species generated eleotroddally will not
decompose prior to generation of excited statesiskeof a fast scan rate (CV)
or fast impulse (CHRONO) increasing electric cutrésee previous chapter
for scan rate functions) will cause generation rofhiggher amount of excited
species and thus higher light intensity. For theeeaf detection a pretty high
scan rate is normally sufficient to obtain the timurrent and maximize the
emission (i. e. 10 V/s scan rate in CV and 100myzuises in CHRONO). The
use of scan rates higher than this values will imgirove significantly the
intensity of generated light and will increase pebability of decomposition
reactions on ECL active compound. In some case vewae small increase of
scan rate steadily leads to decomposition reactioagsing complete
disappearance of ECL signal. In this cases ECLasignust be carefully
optimized taking in account the kinetics of excitethte formation and
decomposition reactions.

An instrument intended for ECL measurements is tamltigally made of an
electrochemicaland spectrometricunit. Electrochemicalunit must include
electrochemical cell, electrodes, potentiostat,renir amplifiers and wave
function generator.Spectrometricsection deals with measurement of emitted
light and is basically made of a dark box, momouafator, optics, signal
amplificators and photon detectors. Accordinghis general scheme many
different setups can be designed depending onnation required about
emission. The main parameters necessary prior &denvbr instrument design
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are fundamentally spectral range, sensitivity tghtli response time and
maximum accumulation time of the detector.

According to this general approach two distinct E@®@istruments will be
presented and analyzed in detail. Starting from ERQperimental setup of
Bard’s group in Austin (Texas, USA) taken as modéhe new assembled
instrument will be then introduced motivating adidics and modifications to
reference scheme. Signal optimization, optics catlibns and preliminary
tests will be also described to clarify system periances and possibilities.

2.2
ECL instrumental setup in A. J. Bard’s group

In Austin lab (TX, USA) two different approachesBE€L measurements were
possible. The use of three different detectors setdps allows the study of
emission phenomena from different point of viewgpé&rimental techniques
employed can be called as:

- ECL-PMT system
- ECL-CCD system
- ECL-PD system

ECL-PMT system. (fig.1) An autolab (ECOCHEMIE, Holland)
electrochemical station is used to supply approprsavitching voltage to an
ECL cell placed inside dark box which also contaanphotomultiplier tube
(PMT, Hamamatsu R4220p) placed in front of emittsxgface of working
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electrode. A voltage of 750 V is supplied to the Py an external high
voltage generator.

Figure 1. ECL-PMT setup in Austin (TX,USA).

With this setup is possible to measure integrat€l HEntensity in the
approximate range of 200-1000 nm (PMT detectioerial). There is not
discrimination between wavelengths; the fact tHadtp detector is placed a
few centimetres from emitting surface makes thtsseery sensitive so that
very weak emissions can be detected. Because emiggéensity can vary in
many order of magnitude an accurate control of aigo noise ratio is
necessary. In Austin lab the signal from PMT itefidd and amplified by a
low noise multimeter and sent to autolab as sesanhl (the first is electrical
current i). As ECL emission becomes weaker by sielga high amplification
range (i. e. amplification factor 1 nA/V) dark bmsulation from light sources
(even very weak) become vital to ensure experinheigaal detection that can
be easily masked by the noise.
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The collection at the same time of electrical aurrintensity and ECL
photocurrent signal makes possible to evidence dépendence of ECL
intensity on applied potential (Cyclic voltammetry)and time

(chronoamperometry). A plot that shows currentd ghotocurrent intensity
registered simultaneously is called light/curreatve. Typical examples of
ECL light/current curves registered with this ECMP system are reported in
fig.2.

ECL-CCD systertfig.3)

A charge-coupled device (CCD) camera (Photome@ld260) cooled below -
100 °C with liquid nitrogen to shut down dark cumie interfaced to a
personal computer is used to obtain ECL spectra.CBimera is focused on the
output of a grating spectrometer (Holographics,)licat acting as a prism
separates linearly emitted light in different waredth 2 As described above
for ECL-PMT setup the necessary switching potential can beiged using
AUTOLAB electrochemical station or an equivalergtmment.

This second setup allows collection of ECL emissémectra accumulating
simultaneously all wavelengths. This method cacessfully register
relatively short lived emissions if intense enouBlue to the high sensitivity
of the camera system must be operated in a darkradm very low
background light intensity to ensure the absenceexifaneous photons
appearing as “spikes” in collected spectra. The tohexposure necessary is
inversely proportional to emission intensity anamally of about 4 minutes.
In CCD camera raw data light intensity is expredsedrbitrary units (A. U.;
the number of photons detected) versus pixel nurfdmdunmn number in CCD
array) . Pixel number is converted in wavelengtim)(rusing a standard
spectra. After sample measurement an Hg lamp eted in the same slit of
electrochemical cell and spectra is accumulatedbfoms. Four bright peaks
of Hg lamp spectra are then used for calibratiéd, (15, 189 and 211 nm). A
typical ECL spectra recorded with this system isvahin fig.4.
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Figure 2. (a) Typical light\current ECL curve regigd during cyclic voltammetry. Scan rate: 1
V/sec. Solvent: acetonitrile (MeCN or ACN). Active nepound: Ru(bpyf"; Mechanism:
oxidation in presence of Nr (b) Light\current ECL curve obtained by chrono@ngmetry;
Pulse width: 0.1 s; Solvent: Ar degassed MeCN; ComgolRu(bpy)** Mechanism:
annihilation.
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arating spectrometer

N -

Figure 3. ECL-CCD setup in Austin (TX,USA).

Data collected withECL-CCD and ECL-PMT provide complementary
information for understanding the behaviour of w&tspecies. Normally the
test withECL-PMT s performed first because of higher sensitivityorder to
optimize emission intensity (e. g. max. potentighleed, scan rate, switching
method). Cycling potential one can also realizbef emission is stable respect
to time. If the maximum ECL intensity is in the erdf A of photocurrent is
possible to register spectra by CCD camera. Inoihjgosite case necessary
CCD accumulation time becomes relatively high: w80 minutes to get a
low quality spectra. On the other hand the muchensemsitive PMT can not
detect emission wavelength changes and thus tdifiggroduced excited
states.

4000
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2000 —

ECL intensity / A. U.

1000 —

° 1

200 400 800 1000

600
Wavelength /nm

Figure 4. Typical ECL emission spectra registeredC®p camera. Pulse width: 0.1 s; Solvent:
Ar degassed MeCN; Compound: Ru(bf$)) Mechanism: annihilation. A “spike” is visible at
about 920 nm.
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ECL-PD systen(fig.5)

This setup is fundamentally very closeBE6L-PMTone? Differences are due
to necessity to perform ECL measurement in solich #iims (TL). As
consequence because of the much higher light ityetabout 3 orders of
magnitude in photocurrent scale) of organic ligimiteng solid devices
(OLED) the use of photodiode (PD) instead of thecimmore sensitive PMT
detector is necessary to prevent signal saturatiemother aspect, the
necessary combination of correct electrical coimgcand insulation from
external light sources makes darkbox and samplgehahange significantly.
On the other hand light/current curves are obtainsithg AUTOLAB
electrochemical station as described aldfové&=CL-PMT system

OLED TESTNG

W

CR

electrons
njection

hole

injection @
+

Ru complex

0 /|

—

Detector(PMT or
PHOTODIODE)

Figure 5. Scheme &CL-PD experimental setup for ECL measurements from ditic.

The thin layer of ECL active compound is prepared 8O glass (Delta
Technologies, Ltd.) by spin coating from a MeCNusioin (1-4% wi/v of
compound). A small drop of In/Ga eutectic (from Adth) over the active
layer was used as counter electrode and was cauthdot the reference
electrode lead. Positive charge is injected throtghunderlying ITO glass
used as working electrode.
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Electrodes, cell and sample preparation

The three electrodes, working (W), counter (C), sefdrence (ref) (fig.6) are
polished with 0.0um alumina and then sonicated and thoroughly ringéd
Milli-Q water and acetone before each run. The gredsrence electrode is a
coiled silver wire. A platinum disk (approximateadieter 2 mm) is used as
working electrode and a coiled Pt wire is usedrasuailiary electrode. The
E.» values for electrochemical processes are refetoedBCE (saturated
calomel electrode), and are calculated adding ¢erre as an internal standard
according to a well established method. In ECL aldctrochemical
experiments, acetonitrile (MeCN or ACN) or othegamic solvent such as
tetrahydrofurane (THF), dicloromethane (DCM) or dthylformamyde
(DMF) (Fisher scientific HPLC grade) is used asereed and 1 mM solution
of the active compound is prepared with 0.1 M Tattglammonium-P§
(TBAPFs) (Aldrich) as supporting electrolyte. Similar résu can be
alternatively obtained with TetrabutylammoniumzBRAldrich). Before each
ECL experiment, the sample is deaerated with Aratoout 10 minutes in a
specially made cell to minimize quenching effeal arteraction

Conmter electrode (1°1)

quasirelerence
cloctrade ((\w)

Warking electrodo

Figure 6. Classical three electrodes electrochemafor electrochemiluminescence. Working
electrode surface is facing the side of the ceBifhpe) toward light detector. (CCD or PMT)
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with molecular oxygen. (fig.7) The exact concemndratof oxygen in solution
following degassing is not measured. Preliminaryeptial cycling is then
performed systematically until a reproducible woltaogram is obtained.
More drastical conditions can be obtained keepingperting electrolytes,
samples and solvent into dry box. When cell is greg and o-ring sealed
inside dry box oxygen and water impurities in theemple are lowered
preventing quenching and decomposition processgsften seriously affect
electrochemical behaviour and ECL performances.

2.3
The design of Bologna ECL instrument

2.3.1

General aspects

The basic idea was building from scratch (see9)gan instrument as simple
as possible to perform all measurements that inihus

Figure 7. The ECL cell geometry allows an accuragadsing of solution by a 5 minutes Ar
bubbling and exposure of the sample to air whenired. Ar is saturated with solvent vapours
to avoid his evaporation from sample.
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were possible with three separate setups. Negaszarirements were
essentially:

- Recording of ECL spectra (spectral range 200-100)D

- Registering of light/current ECL integrated curvdsring cyclic
voltammetry and chronoamperometry.

- Supporting of solution and solid film samples

- Detection of photocurrents in a wide range of isit@s (nA-mA) .

Starting from Austin experimental setups some aspaeeded to be carefully
improved. No great importance was in general atiiglol to reproducibility of
measured ECL signal. This because for the studyeaxfhanicistic and basic
aspects of ECL emission a semiqualitative approacloften sufficient.
Normally measured ECL intensity can be assumednassimation of the
order of magnitude but is not sufficiently accurébe analytical purposes.
Considering that now an accurate comparison of E@iciency of the new
materials with that considered as standard hasnbec®cessary many efforts
have been made to significantly improve reprodlitybiAs will be explained
in detail cell holder, cell geometry, introductiohfixed electrodes and flow
cell, the use of silicon chip electrodes has beetdemto keep emitting
electrode surface as constant and reproducible oasilgfe. Quantitative
analysis is an hard aspect of electrochemical @xpets due to frequent
formation of filming products and modification ofeetrode surfaces; for this
reasons an accurate optimization of experimentadlitions in necessary. As
example reproducibility is fundamental to be stai#dly confident in an ECL
intensity change that follows protonation or intgi@n with DNA of active
species.
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The scope of the new instrument is thus not onlgefvoduce the model one
but also to make possible:

- gquantitative measurements (x 5 %)
- biological testing based on ECL (flow cell)
- measurements in high vacuum and ultra dry condition

Figure 8.Fragments of dark box and cells scratfioes Austin laboratory notebook

2.3.2

The new ECL instrumentation

In this thesis, the job has not only been the sti@f properties of new
materials but as stated above also the setup ofEt@winstrumentation. The
optimization of the many experimental parameters Iheeen obtained to find
out more convenient work conditions. The referecm@mpound, with suitable
and stable well established ECL properties istimaplex Ru(bpyy*.*
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The instrument assembled in Bologna is not comrakesid made of single
commercially available or home built componentsotatain the specifics
described in previous paragraph. Main spectrosaggigponents are:

- adual exit monochromator (Mod. Spectra-Pro 2300bA Research )
(fig.9)

- a photo diode silicon detector (Mod. S| 440 Actesearch; detecting
range: 400-1100 nm)

- a photomultiplier detector (Mod. PD 471 Acton regsbawith built in
high voltage power supply; max Voltage 1250 V; dgtg range:
300-1100 nm)

- acontrol module (Mod. Spectra Hub Acton)

- adark box with mobile cell holder (home built)

- acurrent sensitive preamplifier (Mod. 181 Princeapplied research)

Figure 9. Dual exit monochromator in ECL instrume@ne of the two exit slits can also
supportCCD camera detector.

The presence of two detectors allows to measureophussion of very weak
sources (PMT) and very intense.(silicon photodideia) example direct light
bulb or laser pointer emission spectra can be aellewhen photodiode is in
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use. Detector change can be easily made by softweanteolling position of a
General setup of spectroscopia alectrochemical
components is shown in fig. 10. Electrochemicdlisgositioned inside dark
box which is inserted on the side of monochromatdrance slit. A circular
hole in dark box directed to monochromator allowssend signal to the
detector. Spectra hub interface allows to contralsoftware monochromator
parameters and PMT high voltage. This hub is alsruo acquire data and
send it to Spectra Sense 4 software.
entrance slit and two exit slits. Width of all slitan be adjusted using
micrometric screws positioned in the top of thd;steaximum allowed width

motorized mirror.

Monochromatqrovided of one

is 5 mm.
< o [T
Flectrochemical
Dark Box sEation 0 ©
ECL ...
coll r 4 v -
= L
MONOCHROMATOR 2 |
1 < PC —
i | A=) —
IJ_', greting .II..t ‘-’;}.“ = _‘,'.-.::
St s :; f B —
1A B+ ) B -
1t . D Photo [ ot et -
{[ W u»ﬁwd ™ liod ———
. \ mirror
( ECL
— | intensity
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: prhotocmn ent
v sunplifict

Figure Beneral scheme of ECL instrument.

44




Chapter 2 =——=

Figure 11. Top view of ECL cell and monochromatonirentrance slit.

The output signal of PMT (an electrical current) e treated in two different
ways depending in the type of measurement perfarmed

1) PMT output is connected to SPECTRA HUB to collpetsa or to obtain
ECL intensity vs time graph using the Acton sofeMaPECTRASENSE.

Although SPECTRA HUB and SPECTRA SENSE allow as$atitory signal
to noise ratio (20 bit processing) in a wide ranfiemission intensities (good
dynamicity) due to the electronic onboard procegsprior to software
elaboration, the response time is too slow (dedlaBems) to register emission
during fast CV and chronoamperometry. On the olf#grd is not possible to
directly send PMT signal from SPECTRA HUB to AUTOBAbecause the
data is sent from HUB to PC by an USB cable data. this reasons an
alternative setup is necessary for fast signal iaitipn and time transients
analysis which is the one presented in point 2.
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2) PMT output signal is sent to a current sensitivegmplifier module (CSP)
which after processing sends the signal directltheosecond input channel of
AUTOLAB.

In this case SPECTRA HUB is just used to controhoaromator and PMT
high voltage. With this connection scheme, whicthe one depicted in fig.10
is possible to synchronize electrical current i &@L photocurrent signals
during cyclic voltammetry (CV) and chronoamperomet€A). Using then
AUTOLAB software GPES light/current curves areadbed in function of
applied potential (V) or time (t). The sample tioan be lowered tps regime
so that emission transients can be followed acelyratven in fast
chronoamperometric experiments. What Model 181 @6€s is to convert
electric current from PMT to an appropriate voltédgeAUTOLAB input. The
module is a sophisticated ultra low noise electrdyoard that keeps a good
signal to noise ratio in a huge range of input pbotrents. The sensitivity
range can be selected in the range 6t-10° A/V with minimal noise in the
order of fA. Another selectable feature is theuingignal attenuation of a 0.1
x factor which enlarge usability scale to mA/V.

When measuring integrated ECL intensities vs t ¢ed. light current curves)
the use of monochromator in position 0 nm (acta adrror) causes signal loss
due to the many reflection steps between in andstitit In those cases
monochromator is bypassed and PMT is positionediéngdarkbox a few
millimetres from emitting electrode surface (fig)1@/ith this alternative setup
signal loss is avoided and sensitivity greatlyéased.

Electrochemical cell and electrodes

Electrochemical cell, the same typology used aritt muAustin, is in glass
and supports the already described three electrdflesking electrode is
slightly different from conventional upright geomebeing “L shaped”.
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Figure 12. Alternative setup during light/current\es acquisition

This platinum disk electrode has been obtained éyding of about 90
degrees a Pt wire soldered carefully into glass.tdlnis geometry, exposing
electrode surface to the side of the cell is nesgs® direct emitted light
toward monochromator entrance slit or detectorl @edign and components
are summarized for clarity in fig. 13.

It's necessary during ECL experiments that workilgctrode surface is
completely immersed in solution otherwise onlyraited region of electrode
will emit. Optimal distance between the glass sidd emitting disk should be
around 3-5 mm. This value, empirically obtainedswers an appropriate
diffusion layer and at the same time limits reaapsion of emitted light by

sample solution. The electrodes cleaning procediogether with degassing
method with Ar has been already described in aipusvparagraph (sect. 2.2
and fig.7).
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Figure 13. ECL electrochemical cell and electrodés cell was built is Austin glass shop and
designed to allow an accurate Ar blowing degasgiegicted in fig. 7). Cell also supports
connection to a vacuum rotative pump.

Dark box
Dark box was designed and built during second Austsearch visit in black
Plexiglas especially for the new instrument. Hisgance is fundamental to
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Figure 14. Darkbox inside and outside view.

insulate the sample emission from external lighirses especially when PMT
is in use. The box, which is depicted in fig. 14stbe thought to be large
enough to conveniently work inside Besides thestiogp

Figure 15. Detailed image of mobile cell holdersduare cell is mounted.
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front side can be easily removed when necessagyk Box can easily content
PMT or PD if necessary allowing to bypass monoclatmm Actually 5 holes

are present in the top of his right side to allogsnections with the 3
electrodes, output and eventual control cable efdiétector. All 5 cables can
be connected in o-ring sealed plugs preventingeatdight to get inside.

Mobile cell holder and cell formats

A mobile cell holder in Plexiglas has been builyather with dark box and
positioned in the side of entrance slit where achidiameter hole, completely
including the slit is present. (fig.15). The holaen be accurately positioned
respect to two directions as evidenced in fig. 14 :

1) Toward and outward of entrance slit (y direg}io

2) Up and down (z direction)

The position of the cell can be changed and fixetependently in y and z
direction with two plastic screws. In normal coiwlits to maximize signal at
detector the entrance end exit slits are fixedh@tmhaximum possible width (5
mm). Movement in y direction allows focusing lighurce. Attempts were
made in Austin of to put a lens between sourceshinavithout further signal
improvements. Movement in z direction is necessarglign exactly working
electrode with “input rectangle”. This alignmentinsportant when acquiring
spectra especially for low emitting species.

Squared module
. with
cuvette like insert

-
Cylindrical insert

Figure 16. Mobile cell holder with cuvette likellcaside. A specific insert is put into square
module. Another cylindrical insert is shown in tight.
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The parallelepiped shaped module (PSM) in whiclsglzell is inserted, built
in black Plexiglas supports three different typesel:

- Cylindrical
- Square
- Fluorescence cuvette like.

As shown in fig. 16 the basic supported shape isam cell; using two
especially made black Plexyglas inserts cylindremadl cuvette like cells can
be fixed. An additional module has then been madsupport flow cell. To
make alignment easier each module has a passitamgedar hole that allows
seeing the position of electrodes when cell isrisske

2.4
Unconventional electrochemical cells for ECL

Cylindrical cell reported in fig.13 has been swssfelly used in many ECL

experiments but reproducibility of intensity isigsted to be only of +50 % .
This relatively poor feature is a consequence afsiibe cell partial rotation

respect to holder and of working electrode respethe rest of cell. The key
point is that emitting surface position and oriéiota slightly changes in

different experiments causing variations in det@at¢ensities. For this reason
and for other specific practical requirements salveunconventional

electrochemical cell for ECL have been built. Aelbrdescription of each

geometry introduced is reported in following seatio

square cell

This type of cell has been built in two differemrsions o-ring sealed (fig.17)
to allow operation in Ar degassed atmosphere ana@éned (fig.15). One
working and two symmetric counter electrodes arxediand contacted by
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screw pressing with a three holes mask in a Teilgid block that fits tightly
in glass square bottom of the cell. Reference mdet(e.g. Ag/AgCl or Ag
wire) can be directly inserted in a apposite holthie back of Teflon cube.

Figure 17. Left: rigid Teflon block containing eteodes; Right: Overall view of O-Ring sealed
square cell

Benefits of that geometry are:
- fixed electrodes position respect to glass cell
- no rotation of cell in holder
- possibility of employing different material as worg or counter
electrodes: Au, Ag, Pt foils, carbon, B doped diadhor ITO glass
- both aqueous and organic solvents can be employed

Chip cell

In this cell (fig.18) as previous rigid componemiee completely made of
Teflon to allow organic solvents usage when necgsdais cell has been
made to support and correctly contact electridaBL chip electrodes made of
silicon containing gold W and C electrodes sputtesa. (see Chapter 5 for
further details). Silicon chip is inserted and geskdown by a screw toward
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two separated Pt wires similarly to square celllidSeupport can be then
inserted into a glass or plastic monouse fluoreseastandard cuvette. No true
reference electrode can be used so a quasi regerdgcwire is normally

employed. A cell image has been published in aaltaéngineering journal

(“Ingegneri e Architetti del politecnico di Torinai® 1/2006 p. 15) for his

catchy design.

Figure 18. This cell allows connection of chip rainirized contacts with electrochemical
instrument without soldering.

High vacuum cell

This cell has been prepared to operate in ultrgtdtgl absence of water) and
ultra vacuum conditions (fOmbar of internal pressure). Sample can be
prepared in the same ultra clean conditions usd®blogna’s Lab to perform
cyclic voltammetries in ultra aprotic conditionssanng conditions even more
drastic that what obtained with dry box. This patiparticularly useful when
treating species very sensitive to oxygen and watesence (e.g. Antracene
and derivatives) or simply to maximize ECL perfornoa of a system
moderately sensitive to oxygen. As a matter of thetdegassing with Ar is
hard to standardize and a small difference in omygEncentration in solution
can often seriously affect ECL intensity and sigb#io that the use of extreme
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conditions can definitely solve the problem and d@n assumed as limit
performance condition very useful for comparisofise cell depicted in fig.

19 has two distinct spherical joints used for catioa to turbomolecular
pump vacuum line and to perform trap to trap uttrg solvent distillation

from o-ring sealed schlenks . For further detaits ©yclic voltammetry

performed in high vacuum conditions see the redatippendix at the end of
this chapter.

Figure 19. Cell preparation (left) and ECL measuredn(iéght) in high vacuum conditions.

Flow cell

Flow cell system (fig.20) is the type of electroatieal cell commonly used in
ECL based immunological tests. The benefits fronaalytical point of view
are substantially two:

1) Good reproducibility of ECL intensity.

Electrodes and cell are fixed in front of detecaimple and washing solution
are inserted and removed by a peristaltic pump.

2) Small amount of solution required (50-1a0.
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Electrochemical Plexiglas cell is about 5QQ thick and “eye shaped".
Solution is inserted and removed from small hotested in the left and right
side of the cell by capillary Teflon tubes.

Electrochemical cell contains two equivalent Pkslisf 2 mm diameter tightly
soldered into a polymeric matrix that acts as wagkand counter electrode.
There is also the possibility to use a true refeeealectrode in an external
Plexiglas compartment (not shown) that can be iedebetween peristaltic
pump and electrochemical cell. Electrodes canldée manually cleaned by
removing the four screws that put together the dides of the cell. Depending
on required setup flow cell can be fixed into meliblder to collect spectra or
placed in horizontal position directly under phdgdector. (fig.21)

Figure 20. Scheme of ECL flow cell and solutionrgireg system.
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Vertical OLED holder

This solid sample holder (fig.22) has been madeditect spectra of ECL
emission from solid films and can be easily placadop of cell holder inside
dark box. The connection scheme is analogous tb dhdorizontal setup
reported in fig.5 and previously described.

'..»

Figure 21. (top) ECL flow cell in vertical positidowards monochromator;
(bottom) cell is positioned directly under phototiplier tube.

The In/Ga eutectic drop used to inject electranadtive layer is however in
electrical contact with a Copper wire placed in @pfe side respect to hole in
Teflon support from which light emission is colledt
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2.5

Monochromator basics and setup

A monochromator is an optical device that transmiteechanically selectable
narrow band of wavelengths of light chosen from &ew range of
wavelengths available at the input.

top view

Figure 22. (Left) vertical holder electrical contiens scheme; (right) ECL emission from a
Ru(bpy)?* solid film spin coated on ITO glass.

A monochromator can use either the phenomenon tidabalispersion in a
prism, or that of diffraction using a diffractiomaging, to spatially separate the
colors of light. It usually has a mechanism foedting the selected color to an
exit slit. Usually the grating or the prism are disa a reflective mode. A
reflective prism is made by making a right triangtesm (typically, half of an
equilateral prism) with one side mirrored. The fighnters through the
hypotenuse face and is reflected back througheifigorefracted twice at the
same surface. The total refraction, and the toispeision, is the same as
would occur if an equilateral prism were used.

The dispersion or diffraction is only controllalifehe light is collimated, that
is if all the rays of light are parallel, or praetily so. A source, like the sun,
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which is very far away, provides collimated lightewton used sunlight in his
famous experiments. In a practical monochromatevever, the light source
is close by, and an optical system in the monochtontonverts the diverging
light of the source to collimated light. Althougbrse monochromator designs
do use focusing gratings that do not need sepamitanators, most use
collimating mirrors. Reflective optics are prefefrdbecause they do not
introduce dispersive effects of their own.

In the commonCzerny-Turner desigtifig.23), the broad band illumination
source (A) is aimed at an entrance slit (B). Theoam of light energy
available for use depends on the intensity of thece in the space defined by
the slit and the acceptance angle of the opticstksy. The slit is placed at the
effective focus of a curved mirror (the collimatoyrusually a spherical mirror)
so that the light from the slit reflected from tié@ror is collimated (focused at
infinity). The collimated light is refracted by thgrism or diffracted from the
grating (D) and then is collected by another mirfg)y which refocuses the
light, now dispersed, on the exit slit (F). At tiat slit, the colors of the light
are spread out (in the visible this shows the sotifirthe rainbow). Because
each color arrives at a separate point in thestixiplane, there are a series of
images of the entrance slit focused on the plaeeaBse the entrance slit is
finite in width, parts of nearby images overlapeTlght leaving the exit slit
(G) contains the entire image of the entrancedlithe selected color plus
parts of the entrance slit images of nearby colarsotation of the dispersing
element causes the band of colors to move rel&tithe exit slit, so that the
desired entrance slit image is centered on the sixitThe range of colors
leaving the exit slit is a function of the width thie slits. The entrance and exit
slit widths are adjusted together.

When adiffraction gratingis used, care must be taken in the design of broad
band monochromators because the diffraction pattasnoverlapping orders.
Sometimes extra, broadband filters are insertatieroptical path to limit the
width of the diffraction orders so they do not dapr The original high
resolution diffraction gratings were ruled. The swoaction of high quality
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ruling engines was a large undertaking, and gooatings were very
expensive. The slope of the triangular groove irulad grating is typically
adjusted to enhance the brightness of a partidiffraction order. This is
called blazing a grating. Ruled gratings have imperfections tpheiduce
"ghost" diffraction orders that raise the strayntitevel of a monochromator. A
later photolithographic technique allows gratings lte created from a
holographic interference pattern. Holographic gigdihave sinusoidal grooves
and so are not as bright, but have a much loway sight level than blazed
gratings, and are generally preferred. The wavéhendpere light intensity is
brighter is called\ of Blaze and is specific for each grating. At thighe
energetic yield is maximum and approximately 80490f source intensity.

Figure 23. Diagram of a Czerny-Turner monochromator

energetic :
vield e | hv (source)
p L

Grating B V /\/g

Figure 24. Dependence of energetic yield on difeddight wavelength
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Remaining wavelengths are diffracted with loweensity in the range of 80-
50 % depending in how far are from (see fig. 24). Monochromator of
Bologna instrument is equipped with a triple grgtinrret mounting:

- ruled grating 68x68 mm, 150 G/mm with Blaze wawngth 300 nm
- ruled grating 68x68 mm, 600 G/mm with Blaze wawgth 500 nm
- ruled grating 68x68 mm, 1200 G/mm with Blaze elangth 300 nm

Software control allows the selection of apprdgriagrating or mirror

depending on necessity. Is convenient to selecgthtng withA of Blaze as

close as possible to expected emission wavelengtmaximize signal

intensity. The selection of position 0 nm in monachator is equivalent to
mirror activation and all wavelength of the ligldusce are reflected to exit
slit.  Monochromator has been provided alreadybcatied. The company
performed calibration using standard emission lofesn Hg lamp.

Verification of monochromator calibration (May 30(5)

Verification was made by comparing new instrumestedted wavelength (fig.
25) with that of a standard fluorimeter (Cary Mégtlipse). Spectra were
obtained by directly inserting different light soas into sample
compartments. The spectras acquired with Spectra2f00i evidenced an
higher signal to noise ratio; this was caused leyl#inger maximum allowed
width of slits. Comparison (see tab.1) was basediprdifferent wavelength
(364-638 nm range) and three different light sosird@egistered maximum
wavelength difference was in 0.418-2.147 nm inteerivéint calibration was
then considered satisfactory.
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Figure 25. Emission spectra of three different caruial light sources obtained with Spectra
Pro 2300i monochromator using silicon photodioddetectori of Blaze: 500 nm

Wavelength| Lamp Lamp Lamp Lamp White Red

(nm) WL1 WL2 WL3 wL4 LED LED
Spectra | 365.778| 404.984 435.705 545.131 455.956 638.166
pro 2300i

Cary 364.483| 403.563 435.287 546.552 456.552 640.313
Eclipse

Table 1. Comparison of detected emission wavelen§thcton spectra pro 2300 | and Cary
Eclipse

*WL= Wavelength

61



———— = ECL instrument design

2.6
Photodetectors

2.6.1

Types of detectors

PMT

Photomultiplier tubes (photomultipliers or PMTs fehort) are extremely
sensitive detectors of light in the ultravioletsible and near infrared. These
detectors multiply the signal produced by incidiglit by as much as 108,
from which single photons can be resolved. The éoation of high gain, low
noise, high frequency response and large arealgfction have meant that
these devices still find applications in nuclead garticle physics, astronomy,
medical imaging and motion picture film scanninggtine).

Photomultipliers are constructed from a glass vacuube which houses a
photocathode, several dynodes, and an anode.gfith2ident photons strike
the photocathode material which is present as @ deiposit on the entry
window of the device, with electrons being produesda consequence of the
photoelectric effect. These electrons are direttgdhe focusing electrode
towards the electron multiplier, where electrorns multiplied by the process
of secondary emission.

The electron multiplier consists of a humber ofctledes, called dynodes.
Each dynode is held at a more positive voltage tha&nprevious one. The
electrons leave the photocathode, having the engfrglige incoming photon.
As they move towards the first dynode they are lacated by the electric field
and arrive with much greater energy. On striking finst dynode, more low
energy electrons are emitted and these, in tum,aacelerated toward the
second dynode. The geometry of the dynode chaisuéh that a cascade
occurs with an ever-increasing number of electrioa®g produced at each
stage. Finally the anode is reached where the adation of charge results in
a sharp current pulse indicating the arrival ohatpn at the photocathode.
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) Photocathode Anode
Incident / tlectrons Electrical
hoton
) \p/\/\ ; connectors
Facusing Dyriode
elecirode Photomultiplier tube (PMT)

Figure 26. Scheme of Photomultiplier tube composiantl operation.

Photomultiplier noise originates from different pbenena :

1) Dark currents.

When no electromagnetic radiation is hitting phatbode some electrons are
equally emitted for thermoionic effect. The redala sinusoidal current. The
mean value of that oscillations is called dark eotrand his intensity can be
calculated by Richardson’s equation:

1= AT EPKT)

WhereA is an empirical constank,the Boltzmann constan® the energy of
electron extraction from photocathode dnabsolute temperature.

From this statistical relation is clear that thipd of noise can be reduced by
lowering the detector temperature during measureémen

2) Light emission phenomena.

can be caused by four different effects:

A) Statistical noise.
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This effect is due to statistical nature of phot@sion and secondary emission
process: is commonly called Schottky effect. Othgnal fluctuations are
caused by electron multiplier system. Fluctuatiarsincreased because of the
non homogeneity in electrons fly time between dysodind secondary
emission factor.

B) Surroundings light exposure.

Photomultiplier is an extremely sensitive detedtorthis reason even when
high voltage is off exposure to day light causestptathode emission with a
subsequent increase of dark current. This increasdast from few seconds to
several minutes depending on light intensity dugrgosure.

C) Magnetic field effect

Even a small magnetic field is sufficient to degiatlectrons emitted by
photocathode preventing to hit dynodes. For thasoe PMT is normally
carefully by au-metal screen to avoid possible signal interference

D) Thermal effects

In majority of photomultipliers, excluding dark cents, thermal effects are
guite negligible. A modest temperature influencen @dso be observed in
spectral sensitivity of cathodes.

Fig 27. An example of photodiode detector
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Photodiode

A photodiode (fig. 27) is a semiconductor diode ttlanctions as a
photodetector. Photodiodes are packaged with edttvéindow or optical fibre
connection, in order to let in the light to the siéme part of the device.

A photodiode is a p-n junction. (see fig. 28) WHigiht of sufficient photon
energy strikes the diode, it excites an electrograby creating a mobile
electron and a positively charged electron hol¢hdf absorption occurs in the
junction’s depletion region, these carriers arepsvidm the junction by the
built-in field of the depletion region, producingphotocurrent. A summary of
materials used in p-n junctions is shown in tab. 2.

Photodiodes can be used under either zero biasojgitaic mode) or reverse
bias (photoconductive mode). In zero bias, lighiinig on the diode causes a
voltage to develop across the device, leading ¢areent in the forward bias
direction. This is called the photovoltaic effezhd is the basis for solar cells
in fact, a solar cell is just a large number of, lsigeap photodiodes.

Diodes usually have extremely high resistance wharerse-biased. This
resistance is reduced when light of an appropfi@guency shines on the
junction. Hence, a reverse-biased diode can be w@seda detector by
monitoring the current running through it. Circultased on this effect are
more sensitive to light than ones based on theopbtitiic effect.

Fl'l‘f pe ""'WPE
Anods silicon silicon Cathode

Fig 28. Scheme df silicon p-n junction

Avalanche photodiodesave a similar structure, but they are operatetth wi
much higher reverse bias. This allows each photegded carrier to be

65



———— = ECL instrument design

multiplied by avalanche breakdown, resulting inem@l gain within the
photodiode, which increases the effective respays¥ the device.

Material Wavelength range (nm)
Silicon 190-1100
Germanium 800-1700
Indium gallium arsenid 800-2600

Table 2. Semicoductors commonly used in photodiedtdsrelative detection range

CCD(fig.29)

Charge-coupled device (CCD) is a light sensor, isting of an integrated

circuit containing an array of linked, or couplddjht-sensitive capacitors

equivalent in principle to single photodiodes.

The photoelectric effect depicted in fig. 30 isdamental to the operation of a
CCD and photodiode. Atoms in a silicon crystal halectrons arranged in
discrete energy bands. The lower energy band isnéel Band, the upper is
the Conduction Band. Most of the electrons occingy\Malence band but can
be excited into the conduction band by heating wrthe absorption of a

photons. The energy required for this transitionli26 eV. Once in this

conduction band the electron is free to move abotie lattice of the silicon

crystal. It leaves behind a "hole" in the valenand which acts like a

positively charged carrier. In the absence of aereal electric field the hole

and electron will quickly re-combine and be logtal CCD an electric field is

introduced to sweep these charge carriers apartpeaxkent recombination.
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Thermally generated electrons are indistinguishdbben photo-generated
electrons. They constitute a noise source knowlDask Current" and it is
important that CCDs are kept cold to reduce theinier.

Fig 29. An example of CCD light detector

Conduction band

| 126 eV

Valence band

Increasing encrgy

.

Rl

+++++++++++

-

Figure 30. Scheme of photoelectrical effect orc8ili crystals with generation of a

hole and an electron in a CCD pixel.

1.26eV corresponds to the energy of light with avelength of 1 micron.
Beyond this wavelength silicon becomes transpaaext CCDs constructed

from silicon become insensitive.

CCD light detection is performed in a three stepcpss:
(1) Exposure which converts light into an electcooharge at discrete sites

called pixels;
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(2) Charge transfer which moves the packets of gehavithin the silicon
substrate;
(3) Charge to voltage conversion and output anggalifon.

Emission spectra is acquired when incident lighthie form of photons, falls
on the array of pixels. In Austin setup ECL emiss® diffracted by a grating
reticle and a discrete small interval of wavelenfjtiore or less 1 nm) is
focused and accumulated in a single pixel colum€8D. The number of

electrons collected at each pixel is linearly dejget on light level and

exposure time. After appropriate exposure, the gghaiccumulated in each
single CCD column is read and sent to softwaree flbt of accumulated light
respect to position in CCD row will be the raw datsemission spectra. Last
step is the already described calibration of colyixel number respect to the
wavelength in nm using a standard spectra. Anaifteresting feature of
CCD system is that can be also used for imagingring ECL experiment the
use of CCD imaging mode can be useful to undersfamh where the

emission arise (Working or counter electrode) orntap light emission

intensity into working electrode surface.

2.6.2
Acquisition of ECL spectra by CCD and PMT: a comparson

The acquisition of ECL spectra can be performeth ditferent detectors.
To understand which one is more convenient in spraetical conditions We
need to consider some features of emitting spaciels as:

- Intensity of emission

- Time stability of emitting species
- Time stability of emission spectra
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Considering the setup used in Bologna (monochronzatd PMT) is clear that
even considering losses due to monochromator esgesgnsitivity is higher
with respect to a non amplified CCD. On the othandis possible to collect
only a single wavelength for each monochromatqs.dtethe case of emitting
species with time stable spectra and very weak stomsintensity PMT is
convenient respect to CCD in the sense of an higiggxal on noise ratio. In
the case of species which shows instead a fassiemidecay or spectra shape
change during experiment the use of CCD is the poBsibility to succeed in
registering it . CCD accumulating all wavelengthie same time, if emission
is intense enough can easily register time limgadssions and time spectral
transformations . In the same conditions PMT vefjister a mean of temporal
evolution of the spectra, last stabilized spectran@thing depending in the
relative kinetics of data acquisition and time nficdtion of emission.

For CCD and PMT can be written that:

texp,CCD: tacc

texp,pmT=N facc

and easily follows that:

te><p,PMT/ texp,CCD:n

Wherete,,is the total time of the experiment atag is the time for which each
wavelength is accumulated ands the number of monochromator steps. This
means that temporal resolution of CCD is alwaysnes that of PMT. On the
other hand PMT-monochromator system sensitivitylmassumed as more or
less 10-50 times higher with respect to CCD sodigm noise ratio will be
better for this last detector. An important coneidien is that PMT
accumulation time for monochromator step cannotshertened at will
because ECL emission is pulsed and synchronizafidiata acquisition is not
completely possible because of the frequent vanation the experimental
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interval time between light impulses. Another pbiity is to use relatively
long potential impulses (e.g.1-2 s) and short acdation time. In this case
however ECL emission intensity shows a fast de@ajlag to that of current
causing signal loss. For higher wavelegth (seeimecl.3 for typical

chronamperometry'£ current decay function). For this reasons It ssknot

practically possible as one could think to compendaMT lower temporal
resolution with respect CCD with his higher ser#ifi

From previous considerations can be stated that:

- CCD is more convenient when ECL emission is iedlit intense allowing
also the tracking of spectra time modification<COC register a continue
spectra even if emission is time impulsed.

- PMT is optimal when emission is time stable esEwery low intensity.

Sensitivity and time resolution of CCD can be im introducing amplified
CCD (sensitivity close to that PMT) or streak caaseftemporal resolution of
ps) that are however much more expensive setigpeceto that considered
here.

2.7

Software and acquisition conditions

When ECL signal is treated with SPECTRA HUB modaled SPECTRA
SENSE software (as described in setup number &dtios 2.3) two different
types of measurements can be performed: ECL sighatime (time based
scan), ECL signal vs. wavelength (spectra acgamitiln this section basic
adjustments to the software and instrument willppesented and relative
effects discussed. It's important to remember theing emission electro
generated (excitation methods: potential sweptnguuise) light is always
emitted discontinuously in time.
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TIME BASED SCAN

With this operation method is possible to colletigsion intensity vs. time of
at specific wavelength or integrated in all spectfjposition 0 of
monochromator or detector placed inside darkboyrasiously described).
produced plot shows on x-axis the time and in yw-#xe intensity expressed in
arbitrary units (A. U.). Graphical interface forightype of acquisition that
evidences adjustable parameters is reported Blfign top left panel entitled
“Intensity vs. time” three fundamental measuremagrameter are specified:
“Integration Time”, “Interval” and “Data Points”Iritegration time” parameter
specifies the detector signal collection time, émil” specifies instead the
time between two acquisition and must be equalowaret than Integration
time. The combination of those two parameters algynchronization of the
detector with a pulsed signal with a pause betwe®nsubsequent emission.
Considering that ECL intensity vs. time is simitar that of corresponding
electrical current (see Cottrell equation sectidd),lthe signal decay is very
fast and occurs in a very short time.

Intensity verses Time: Aguigion Bodie [F—————————
- i atittor A My e R e avedll ] | Ehange
iTiine 120 Tiee Monoekomator | (450000 Rriling
Ieiteveal oo gee  |Menochiomater2 [Z00.000 gy Sava | Save As | View' I
Dats Falhts [200 cucks |1 Settings [ Maicbaduas |
Dy (0 K5 im0 = —_
e = Operstor  [Us=r 3 >
eallimz Piocessing e o
W_E] !3:1—3 Chahinel1 (320 alls | in Canrigale [Sample heatad Io 350 o 2 hours =
I et Saline & Fie
I~ | RefSarce s Ch
| Fie | :
‘ Fiker ga\mﬂ Ireart -
T ‘Sowee Corpersale I
1™ Dtk 5 ubtant
I UsaHy Table Fommal | Time Siamped ¥ |
@ Saweddaz [ Change
Acquire |

Hardvears Sitiss | Surve Mode  Acoisstinn ]-Lnau_uuru]’Pas; Procesirg |

Figure 31. Graphical user interface of time baseths
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For this reason especially during chronoamperometaxperiments
“integration time” should be as short as possilold @entical to “interval” to
follow real emission transient. The instrumentall® minimal sample time of
5 ms (effective is about 10-20 ms due to onboa software elaboration
delays). “Data Points” is the number of collectegperimental points.
Multiplying “Data Points” for “Interval” one can d&in the total measurement
duration. The monochromator position is selectedligytating wished value
in “Monochromator 1” box. In the box “Cycles” orart specify how many
times measurement must be repeated and the ddlagdremeasurements. In
“Realtime processing” panel there is a “dark suttraheck box that can be
used to subtract dark current measured prior totrelehemical excitation.
“High Voltage” panel is used to specify PMT Voltaged to turn it on or off.
At last “acquisition” panel is used to specify tle where data is saved and
his format. The measurement starts when “Acquitdtdn is pressed.

SPECTRAL ACQUISITION SCAN

In this operation method ECL emission spectra taiokbd registering detected
intensity in function of wavelength. Graphical iritee for this type of
acquisition is reported in fig.32

In the left top panel “Monocromator 1” several mohmmator parameters
can be adjusted. It's possible specify starting eanding wavelength during
scan and the “step” of increment in nm. By decraasstep” paramenter the
total experiment duration will increase accordingcause more points are
collected. Another fundamental parameter is “ITinee’qy. detector integration
time for each monochromator step. By increasingimi@” the signal is
accumulated for a longer time and thus is increa€sdthe other hand the
dark current and noise are also increased. Itenebe setin 5 mS - 64 s range
but dependently on PMT high voltage the maximurovedld value is normally
lower. (i. e. If PMT high voltage is 1000 an accuaton of 6 s of the
background signal is sufficient to saturate y-ssgsle). The y-scale in both
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time based and spectral acquisition reports sigisaPMT of PD detected
arbitrary units upon an intensity range of O 1@0D,000 A.U.. Depending on
experimental conditions and studied compound PMTage can be decreased
to prevent detector saturation or increased tonatletection of low intensity
emissions. A last important parameter is the bmad for points” which
allows to specify how many time a single point miostread. If the value is
greater than 1 saved data will contain a meahefégistered values with the
benefit of a lower noise. The total experimentation can be easily
calculated by the expression:

tspectra:((maxWL‘m | nWL)/Step)iimenreads

4 SpectraSense
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Figure 32. Graphical user interface for spectrglasition.

73



———— = ECL instrument design

Where tspecra IS the total experiment duratiomaxy, and miny, are the
maximum and minimum wavelengthstep is the increase step of
monochromator expressed in NMmggsthe number of reads for each point and
isme the integration time. As can be seen from thisnida each improvement
on the spectra resolution and range is accomparbigdan increase of the
spectra collection time and necessarily of chemitaldifications during
electrolysis.

2.8
Theoretical model of ECL spectra acquisition.
First assumption is that We are using alternatedrmamperometric (CA)
potential impulses to produce ECL. One step is &t @s. ref) and other at
necessary reductive or oxidative potential. Noryntie pulse widthg,) is the
same in all potential steps. Those conditions aentered when ECL is
produced in presence of a reductive or oxidativeeactant. The basic
equation that expresses ECL intensity in functidntime can be simply
obtained from Cottrell equation (see section b$)substituting curreritwith
ECL time functionlgc (t) and adding a proportionality constadnt
lec () =K M

1 (H)llz
WhereF is the Faraday’s consta,electrode area; concentration of active
species and diffusion coefficient. Equation 1 has been writtemder the
assumption that ECL intensity is linearly propaméb to i which is not
rigorously correct but is acceptable to build a sloflinction. A more
practical cell constant Kcan be obtained by combining different ones:

KC

lec (t) = (,[)T (2)

1)

where:
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FACD"?
K = K# @3)
T
At this point to reproduce a typical light emissidiscontinuous profile (see

fig.2) a step function is necessary. Heaviside dteption has two different
forms:

0, x<0

H, (=10 n, x=0 @
1, x>0
0, x<O

H(x):&zgr(x) %’ x=0 (5)
1, x>0

By combiningH(x) function with a periodic function, ECL emissionénsity
IecL(t) can be expressed in following form:

e SgrEsin(zlsw . %D

lec (1) = {72 >

(6)

Wherep, is the CA impulse duration ang' is the phase parametertispace
specific for each single measurement. Eq. 6 isivatider the assumption that
lec. decay in successive impulses will continue from ititensity reached in
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previous one. Another possibility is to assume #ikiimpulses begin with the
samelec, ;in this cas&/t*? must substituted in eq. 6 by:

K
(t-int(t/ p,)p.)"?

@)

At this point ECL intensity registered by detediigec) at a single wavelength
/. is proportional to the product of PMT sensitivByyr with I, integrated
over acquisition time:

L) = () Sy (0 T e, @)kt ®

®()) function is introduced to take in account theeleence of emission
intensity onk and is the real spectra curyk()) is normally a Gaussian or a
peak function not dependent on time in the cassalile ECL emissions; for
this reason has been put outside integrals & for sure a constant respect to
time so if we call it kK We can write that:

lega) = Ks () [1 o, (Ol ®

Irec IS an integral function which substantially depemasthe overlapping
between PMT detection time and ECL emission. Ifdigmal is acquired when
lecL is low or zero the integral and thugs will tends to 0. This relation
expresses the importance of temporal synchronizati@tween signal
acquisition and pulsed emission. Considering thatt t

76



Chapter 2 =——=

A)=A,+S O (10)
wherel, is monochromator starting wavelength and&n rate expressed in

nm/s, easily follows:

:AS—/‘ whereAA =4 -4, (11)

r

and finally assuming for simplicity thag=0 can be written:

=< (12)

Let's consider now again eq. 9. By substitutigg(t) with explicit expression
of eq. 6 We obtain that:

(13)

. 1+ Sg{sin(znﬂ/{;j]
| reo(A) = K K (1) j P ) gt

1/2 2

By changing variable t intb (eq.12) inside integral and under assumption that
S is constant during measurement We obtain:

1+ Sg sin{ 4l +%‘j
K Ks ((1) I 2p, L5 4
Al/Z

lpec(4) = 57 > (14)

Eq. 14 correlates directly ECL intensity within the experimental conditions
of monochromator-PMT setup. The ideal spectra & #xpressed by the
function @(1) scaled by proportionality constari{s Ks (cell costant and PMT
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sensitivity) and by a periodic step decaying fumtintegrated respect 1o for
the stepX-Ag)/Sk which is a time implicit function. In this way awcgously to
eg. 13 the equation ik space foresees the possibility of multiple impsls
accumulation in a single wavelength measurementingrease ofS (scan
rate) causes as expected a decrease of registéeediity and a period change
in sinusoidal function. The pulse widg, parameter is also an argument of
sine and is correlated withegperiod of oscillation. In our instrumest is not
directly controllable but his value is mathemalticabrrelated with that afii
(MC step) andc (PMT acc. time) as shown in eq. 11; both this pextars are
directly software adjustable. By numerically int@gng eq. 14 is then possible
to predict obtained spectra in given experimentaiditions. Difficulties in
real data reproduction arises from the fact thet #perimentallgc(t)
function during the single stei/i*? in eq. 14) can be stable (eq. 7), to
evidence an intensity grow up after 0 V step omekiaving more than one
maxima. If ECL is obtained by annihilation therenis more the 0 V potential
step which is substituted by another emission pebakvaried maximum
intensity due to different time stability of elemfeenerated cations and anions.
To simulate this situation assuming for simplicihat ECL intensity is the
same during oxidation and reduction is sufficienptt under absolute value
the sine under Heaviside step function in eq.I42lso necessary to use the
leci(t) function presented in eq.7. As can be easily wtded real functions
are not easy to manage analytically. Considerings, tlan empirical
optimization of experimental parameters is oftemmarmnvenient as shown in
detail in next paragraph.
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2.9
First tests and signal optimization

291

ECL spectra

Taking in account theoretical considerations ofghevious paragraph is clear
that differently to what happens with CCD an EQiedra obtained with
PMT as photodetector is of oscillating nature. istfiseries of tests has been
performed with the new instrument by using thesilzal complex Ru(bpy)'
which gives a well known ECL spectra with maxim@&uard 615-620 nm.
Although CV can be used as switching voltage itofeing tests CA impulses
are preferred for signal intensity maximization.

PMT Integration time effect

By using a solution I®M of the complex and as switching potential 0.1 s
oxidative and reductive alternate potential impsilaebright emission is easily
observed. An orange disk of light can be seen e/ exen in a lit room in
correspondence of working electrode surface. Bekuited state generated for
cation-anion annihilation light is emitted in capendence of cation and
anion generation. The intensities of the two terafiypseparated emissions are
never exactly coincident due to the unbalance batwgenerated amount of
cation and anion; another factor is the differemyporal stability in solution of
the two electrogenerated radicals. In experimerdabitions used here (+1.5
and -1.5 V 0.1 potential impulses) from preliming@A experiments cation
resulted more stable and for this emission is miotense during reduction
respect to oxidation. By keeping pulse wigk constant PMT accumulation
time tc has been varied from 0.1 to 3 s. (see fig.33)edected from eq. 13
ECL signal intensity increased and spectra becorogressively continuous
even if emission is pulsed. Considering in particihe case wherg= 0.1 s
depicted in fig.34 it is clear the presence of piKe like” structure with
frequent signal drops. This structure is due tostiart integration time; when
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tc and p, values are close the eq. 13 integral term depesmasomly ongg
which specifies from what temporal points gk (t) spectra acquisition is
started. If one single wavelength is collected myiran emission peak the
signal acquired will be intense, in case of emiss&l medium and in case of
pause close to 0. This variation of the signaleisponsible of the “spiked”
appearance of the spectra. By accurately obsefigrigd two domains with
different density of lines are clearly visible. Heotwo regions are correlated
to the different emission intensities during oxidatand reduction. This
behaviour could be easily reproduced by introdu@ing:c, (t) containing two
peaks in eq. 13. This statement can be confirnyedbserving fig. 33.b and
33.c (gear like structure). It is clear that ingiegtcto 1 and 2 s ho more zero
intensity signal is recorded but two different lisvef emission continue to be
observed. The difference between “cationic” andidait” emission become
each time lower whet is increased. In fig. 33.d&3 s the Ru(bpyj*
spectra is completely continuous and no periodjoai oscillations are more
present. By increasing integration interval (fromioOtc) in eq. 13 more and
more emission peaks are collected and progressthelystandard deviation
between closél integrations is lowered to negligible levels. Thensity
oscillations due to irregularities dac(t) period or to multiple time differed
emission can be then statistically cancelled byreasingtc upon time
integration right to about 30 timesg,.

Monochromator Step effect

A series of two independent tests in same expetaheonditions of previous
paragraph have been performed by keeping cogtait0.2 s and by varying
A2 from 0.25 to 1 nm. (see fig. 35).

By comparing spectra (a) and (b) one can note that:
- ECL intensity is exactly the same in both speatraafl wavelength

- Spectra (b) shows a larger period of oscillatian fgd(4).
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Figure 33. ECL spectra appearance for different RiMidgration times(Itime) registered from a
10% M Ru(bpy}** MeCN solution. Supporting electrolyte: TBAPF.1 M: Emission
mechanism: annihilation; Monocromator step: 0.25 Bmitching method: 0.1 s CA impulses,
E1l 1.5V (I°Ox); E2 —1.5V (I°Red); PMT Voltage: 70@) Itime: 0.1 s; (b) Itime: 1 s; (c) Itime:
2 s; (d) Itime: 3 s.
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Figure 34. ECL spectra previously reported in figddea is shown here with higher resolution.
Two regions are clearly visible (one more dark atiter more light) with the same emission
maxima around 615 nm.
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The fact that ECL intensity remains the same in twperiments easily
follows from eq.13 becausgis unchanged in integration interval.

About the second effect the oscillation period lgtd(4) will depends on the
argument of the sineineq. 14 1. e. :

A
—+ 15
20,15 @ (15)

r

Wheregy' is the phase parameter in thepace. Considering then eq.11 being
tc constant in the two experiments it follows thatis directly proportional to
. By increasing denominator of eq.15 the period ascillation is

82



Chapter 2 =——=

consequently increased. A similar effect can baiobt by increasing pulse
width.

2.9.2

Light/current curves

Basic examples of this type of experimental curirestrumental schemes and
possible adjustments have been already introduteeédtions 2.2 and 2.3. in
this section will be reported a series of testdqoared to check the correct
operation of the new instrument under differentditons.

CVv

Test were performed by using two different Ru carpk. Ru(bpyf" was
oxidized in presence of tripropylammine (MPand light/current curve was
registered using a scan rate of 1 V/s. (fig. 36lag voltammetry at low scan
rate is normally used as preliminary test to undexs at which potential
respect to reference electrode emission occurthisncase being the Nfin
large excess respect to Ru(bfy) the potential of maximum emission was
that of NPy oxidation. (around + 1 V vs. Ag gref. electrod&mission
intensity was very high so that a“18/V sensitivity scale was used for PMT
photocurrent amplification. The signal to noisgéaravas good for i and ECL
intensity.

A test in similar conditions using a lower efficigndye, Ru(bpy)pyrtet) ,
described and characterized in detail in next @raptas performed to check
system response to less intense emissions. By ufieg cation-anion
annihilation mechanism emission has been deteatdyd during reduction.
(fig.36.b). An amplification factor of IDA/V made the signal to noise ratio
satisfactory. We can conclude that new instrumeatiyced light/current vs
potential curves of good quality similar to thodgtaoned with Austin setup
with both the considered dyes.
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CA

light/current vs time curves have been obtainethftibe same Ru(bpy) used
in CV by using fast CA impulses. During all test PMas inserted directly
into dark box close to electrode emitting surfatleis test was important to
check the reliability of the instrument from themimf view of sampling time.
This feature was necessary because the previoastrided SPECTRA HUB
module has been found to be too slow to follow Eitdnsient. By using
AUTOLAB to collect signals is possible instead gople i and ECL intensity
until us regime. Various CA tests were performed on Rugppy varying
applied oxidative potential (+1 and +1.2 V vs Ageyi and pulse width. (0,1
and 0.3 s). (fig. 37) . To cut out ECL signal highquency noise and making
the curve better looking has been found effectoveide a sample time of 20
ms respect to lower values. Optimal amplificatfastor was of 10 A/V
attenuated of 10 times which correspond to the @ansigCV. In this case
however the maximum ECL intensity is higher of abaune order of
magnitude as expected from the higher current. £Aormally the switching
method while collecting spectra; for this reason iisportant during
preliminary CA to find the switching conditions themake ECL emission
stable and of higher intensity at the same timeng@aing fig. 37.1 and 37.11 is
evident than, using the same pulse width of 0.}stantial of +1.2 V is more
performing than +1.0 V because stabilizes emisgdmigher intensities. Even
if in CV the optimal potential was of +1 V at highgcan rates or during CA
the effective potential applied is lower becausehef higher cell resistance.
An higher potential is therefore necessary to pcedthe same effect.
Considering now experimental curves reported ir3fidl (pulse width 0.1 s)
and Il (pulse width: 0.3 s) is clear that condisoin Il are the optimal one.
The fast time decay of ECL intensity makes shogiulses more convenient.
Finally can be said that new instrument succeedetracking ECL time
transient during typical CA experiments and thalistrete reproducibility of
light intensity was also observed.
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Figure 35. ECL spectra appearance for different mbramator step width at a fixed PMT
integration time of 0.2 s. Experimental conditiame the same already described in fig. 33. (a)
step width: 0.25 nm ; (b) step width: 1 nm.
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Figure 36. (a) Light current curve registered dgri@V from a 1¢ M MeCN solution of
Ru(bpy)?* in presence of NR3x102 M; supporting electrolyte: TBARFO.1 M; scan rate: 1
V/s; PMT Voltage 750 V; Photocurrent amplificatiactor (PAF): 1¢ A/V not attenuated. (b)
Light current curve registered during CV from a1 MeCN solution of Ru (bpyjpyztet)”;
mechanism: annihilation; supporting electrolyte:AFB~ 0.1 M; scan rate: 1 V/s; PMT Voltage
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Figure 37. Light current curves registered during @m a 16 M MeCN solution of
Ru(bpy)?®* in presence of NRBx10? M; supporting electrolyte: TBARF.1 M; PMT voltage:
750; PAF: 1¢ A/V attenuated; sample time: 20 ms. (I) Poteri@igram (PP): 0 V (1), +1.0
V(2),0.1s; (Il) PP: 0V (1), +1.2 V(2), 0.1 $tIYPP: 0V (1), +1.2 V(2), 0.3 s.
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Appendix II: Electrochemical instrumentation and measurements in High
vacuum conditions

Ultra-dry tetrahydrofuran, dichloromethane andaeitoroethane are utilised as
solvent due to the very large potential windowse Tell, containing the supporting
electrolyte and the electroactive compound, istdueder vacuum at 370 K for at least
48 hours. Afterward the solvent is distilled by raptto-trap procedure into the
electrochemical cell just before performing thecgf@gchemical experiment. The
pressure measured in the electrochemical cell ptdorperform the trap-to-trap
distillation of the solvent is typically around 118-5 mbar.

The one-compartment electrochemical cell is ofgittdesign, with high-vacuum
glass stopcocks fitted with either Teflon or Kalr@2uPont) O-rings, in order to
prevent contamination by grease. The connectiotbedigh-vacuum line and to the
Schlenck containing the solvent is made by sphigjogats fitted with Kalrez O-rings.
Also the working electrode consists of a Pt digcanhicroelectrode (with diameter of
125um and 25um), sealed in glass. The counter electrode corgigtplatinum spiral
and the quasi-reference electrode is a silver Isfite quasi-reference electrode drift
is negligible for the time required by a single esiment. Both the counter and the
reference electrode are separated from the wor&lagtrode by ~ 0.5 cm. Further
details about the electrochemical cell are desdridsewheré.

Potentials are measured with the ferrocene or dettgffierrocene standards and
are always referred to saturated calomel elect{&d&E). E,;» values correspond to
(EpctEpa/2 from cyclic voltammetry (CV), whereas for iregible processes the peak
potentialE, is measured at 1 V/s. Ferrocene (decamethylfemgjde also used as an
internal standard for checking the electrochemieadersibility of a redox couple.
Voltammograms are recorded with a custom madepfaisntiostat controlled by an
AMEL model 568 function generator. Data acquisitisnperformed by a Nicolet
model 3091 digital oscilloscope interfaced to a Pke minimisation of ohmic drop is
achieved through the positive feedback circuit enpented in the potentiostat.
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Chapter Three: new materials based on Ru

Nunc cognosco ex parte , tunc autem cognoscam,eticognitus sum.
| Cor. 13, 12.

Since Ru(bpy* electrochemiluminescence (ECL) was discovered,
photophysical properties of many Ru complexes timen investigatet The
intense emission of light generated by annihilattoarganic solvents or in the
presence of coreactant in watdas been extensively studied. The potential
applications are correlated with the specific props of the single compound.
In organic light-emitting solid devices (OLED) tesRu(bpy)** showed an
intense orange emission with low applied voltatfeMolecules intended for
light emitting solid devices require in generalthiguantum efficiencies, short
response times, and high durability. Rutheniundti&diphenyl-1,10-
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phenanthroline) ( normally called RuDPP or batophwas been used as an
oxygen sensor with fluorimetric detection in orgasolvents and in supported
silicon and xerogels filmSRu(ll) complexes interacting with DNA or other
biomolecules often show a change in ECL intensitgpprtional to the
concentration, and therefore, many analytical nathbased on ECL have
been developetf In this chapter ECL emission properties of neviteisized
Ru(ll) complexes containing tetrazolate group dgand are described. The
new dyes have been tested under various experih@ntditions in solution
and solid state. The addition or removal of smedlugs around the tetrazolate
moiety allowed us to study the effect in MLCT (mdtaligand charge
transfer) transitions. The modification of ECL spads often remarkable even
in relatively similar molecular structures. To dgtdiomolecules such as
nucleic acids and proteins, the use as covalergldaloould be possible
because of considerable quantum efficiency andstaft of some of the
compounds with respect to Ru(bg)

3.1
Complexes containing Tetrazolate based mono-coorditing ligands.

3.1.1.
Electrochemical Behaviour of selected Ligands and@nplexes.

Before to perform ECL characterization of a newnpound is of fundamental
importance to understand what radical species can denerated

electrochemically and energetic states involvedh@iit this basic information
is not possible to give a correct interpretatiorE@L emission spectra or of
relative light/current curves. The behaviour andopgerties of some
representative molecules and ligands behavinghéo dass of molecules
studied has been thoroughly investigated in ultearc conditions. Selected

compounds and chelating groups are shown in FiDefails on synthesis and
structural characterization are out of the scopéhis thesis therefore main
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chemical reactions involved in

3 and 4.
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Figure 1. Structures and acronyms of compound igadds investigated electrochemically in
detail.
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Figure 2. Scheme of the basic synthetic steps tasebitain the complexes introduced in fig.1.
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Figure 3. Reactions conditions for [Ru(4-TBN)Ruajethylation.

ortho  meta H
\ / ortho meta e

3 — It
N?}"N:\C‘_\/r, -\\—CN HOSO,CF; N;’iﬁ_‘\ Sy
e N/ I N S Y 280,CFy
(tpyKbpy)Ru i P (tpy)bpy)Ru” N a4
[Ru(d-TBN)T* [Ru(d-(H)TBN)2*

Figure 4. Scheme of chemical hydrogenation of [RIB&MN)Ru]".

Uncoordinated Ligands. It is well established that the redox processes in
Ru(ll)-polypyridine complexes are mainly localizeither on the metal center
(oxidations) or on the ligands (reductions} It is, therefore, of fundamental
importance to know the electrochemical behaviahefuncoordinated ligands
to understand the pattern of the ligand based redaes for the complexes.
The electrochemistry of the uncoordinated ligéamy'? has been previously
studied under the same experimental conditions dsedhis work. We
investigated the redox behavior of the ligands ANTBnd BTB, to our
knowledge for the first time, either as their tptranylarsonium salts or N-
protonated species, while tpy was reinvestigatddNt- under strictly aprotic
conditions, both at room and low temperature.

4-TBN. The free ligand exists as the N-protonated spet¢i€BNH and was
investigated in ACN and DMF solutions both in iepdotonated form (i.e. 4-
TBN) and as 4-TBNH. In acetonitrile the 4-TBNH shoiwo one-electron
reductions but no oxidation process is observetbup2.5 V (vs SCE). Figure
5.a shows the CV of 4-TBNH, in DMF at 24 °C anctarsratey, of 1 V/s;
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Figure 5 . Cyclic voltammetric curves of uncoordethtigands. (a) 4-TBNH 1mM in a 0.05M

TEATFB (Tetraethylammonium tetrafluoroborate)/DMHwimn; Working Electrode Pt; T=
24°C; scan rate 1 V/s. (b) BTB 1 mM in a in a 0.03BATFB/DMF solution; Working
Electrode Pt; T= 24°C; scan rate 10 V/s. (c) tpmid in a 0.07M TEATFB/DMF solution,
working electrode Pt, T=-56°C , scan rate 100 V/s.

94



Chapter 3 =———=

the first reduction wave exhibits some degree ofctebchemical
irreversibility, most likely due to internal reangements related to proton
migration onto the nitrogens of the tetrazole rinbijle the second reduction is
Nernstian. The standard potentials of the proceasesollected in Table 1,
together with those of the other species.

BTB. The BTBH ligand has been investigated as the deprotongtedes
(i.e. the BTB species) in DMF at room and low terapgre. It shows three
reductions: the first is completely irreversibleemat 200 V/s while the further
two processes are reversible. Although the thiddicdon occurs at the edge of
the electrolyte/DMF discharge, it can still be alvsd as a reversible process.
Figure 5.b shows the cyclic voltammetric curve dBBat 24 °C and at 10 V/s.
Just before the second voltammetric peak, thesesisoulder whose nature is
still under investigation but is probably related & species generated in a
follow-up reaction.

tpy. The voltammetry of uncoordinated terpyridine, poesly investigated®
shows a one-electron reduction process. It wasvestigated in DMF, to
compare it to the other ligands and complexes utidesame strictly aprotic
conditions, and it exhibits two reduction peakshba@t room and low
temperature. The first reduction is a one-eleciMennstian process while the
second one-electron reduction shows chemical irsidviity at room
temperature but becomes reversible at low temperatud at scan rates higher
than 100 V/s. Figure 5.c shows the CV of tpy at *66and 100 V/s. The k&
values of the two processes are given in Tableh&.separation between them
is 520 mV, and this value falls within the typicahge (500-600 mV) for the
electronic coupling enerdyinto the same orbital of polypyridyl ligands. The
chemical follow-up reaction is probably a protoriake process of the doubly
reduced tpy with the solvent. This reaction isthenfast process even at low
temperature, and the voltammetric pattern is simita other polypyridyl
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ligands in the uncoordinated st&tthat are known to undergo fast protonation
reactions in the doubly reduced state.

-1 50 T T T T T

-100 — —

-50 — _

1/ nA

50 — | T | T | T | T
1.0 0.0 -1.0 -2.0

E/V
Figure 6 . Cyclic voltammetric curve for 1 mM monataear complex [Ru(tpy)(bpy)(4BTN)]n

a 0.06 M TBAH/ACN solution. Working electrode Pt, 25°C, scan rate=1 V/s.
Ruthenium Mono- and Dinuclear Complexes.

[Ru(4-TBN)]*. Within the framework of the general strategy fdret
investigation of multinuclear species, showing agda number of redox
processes, this species was studied since it esgsea precursor or a model
for the behavior of the dinuclear ones. The elettemistry of the complex
[Ru-(4-TBN)]" was investigated in ACN both at room temperatune at -45
°C. In both cases it shows four one-electron reédngbrocesses and a one-
electron oxidation. The first two reductions arenpbetely reversible whereas
the successive two are affected by chemical folipwreactions. With increase
of the sweep rate, the extent of the chemical érgbility decreases, even
though it still remains at 100 V/s. As a conseqeeré the chemical
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irreversibility of the third process, an anodic pe@pears on the reverse scan,
at about -1.9 V (Figure 6). The chemical procesoaated with the third
reduction probably involves protonation, either liye solvent or the
electrolyte, of one of the tetrazolate nitrogen$ose basicity is increased
when the other two ligands are reduced. The oxidafirocess appears
chemically and electrochemically reversible at 1s.VAs the scan rate is
increased, the process reveals some degree ofoeleemical irreversibility.
The simulation of the cyclic voltammetric cutyecomprising the oxidation
and the first reduction wave, confirms that thedation is not a fully
Nernstian process. A satisfactory agreement ofstmlated curve with the
experimental one is obtained when the heterogeneoustant k for the
oxidation process is 4xf0cm/s and the electron-transfer coefficient R @f th
Butler-Volmer equation is 0.34. By contrast, thedugion process is
satisfactorily simulated as a fast (diffusion-coited) electron transfer. This
can be understood on the basis of quantum moleautdtal calculations,
carried out at DFT lev&l where it is shown that the HOMO spans over the
metal centers and part of the bridging ligand, antipular on the tetrazolate
ring (see the corresponding dinuclear species,r&igwa). The sluggishness of
the electron transfer is therefore most probablyoasted with molecular
rearrangement of the tetrazolate ligand, followithge oxidation process.
However, the reductions are centered onto the pdiyipe ligands (vide
infra), as also evidenced by the calculations, tre$e are intrinsically fast
processes.

[Ru(4-TBN)Ru]*". On the basis of the behavior of the mononucleacisg,
which is one of the two constituent moieties of toenplex [Ru(4-TBN)RUT,

it is possible to rationalize the electrochemistiyhe dinuclear species, whose
cyclic voltammetric curve is shown in Figure 7. Timedging ligand can be
considered as electronically asymmetric because tthe coordinating
nitrogens are chemically different: one belongth®tetrazolyl ring and bears
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Figure 7 . Cyclic voltammetric curve of 1 mM of didear complex [Ru(4-TBN)Rd] in 0.05

M TBAH/ACN solution. Working electrode Pt, T= 25°Cascrate= 1 V/s.
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Figure 8 . Cyclic voltammetric curve of 1 mM of dilear complex [Ru(BTB)RE] in 0.05 M

TBAH/ACN solution. Working electrode Pt, T= 25°C, saate= 1 V/s.
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a partial negative charge while the other can Imsidered to be a nitrile-N for
its coordinating properties. The voltammetric cursieows five reduction
peaks and two oxidation ones. Concerning the oxidst the two peaks are
both reversible one-electron processes, centeréldeotwvo Ru(ll) centers. The
sizable separation between the oxidations suggegtste strong metal-metal
bridge mediated interaction, but it could also beribed to the electronically
asymmetric coordinating ends of the bridging ligandiving rise to two
nonequivalent ruthenium centers with differentdation potentials. Probably
this potential separation arises from an intergiithese two effects, with the
second more important. A comparison of thg, Botentials of the first
oxidation of this dinuclear complex with that ofethoxidation of the
mononuclear precursor species [Ru(4-TBNfjows that the processes happen
at the same value. Therefore the first oxidatiothefdinuclear is centered on
the ruthenium bound to tetrazolate moiety of thelding ligand. A DFT
calculation also supports this assignment of thelation processes to the
HOMO mainly centered onto the ruthenium coordinatedetrazole (Figure
9.a) and the second highest occupied MO onto tlvense metal center,
coordinated to the nitrile end of the bridge.

[Ru(BTB)RuU]?*. The voltammetric behavior of the dinuclear complex
carrying the symmetric BTB bridging ligand is shown Figure 8, and it
consists of five voltammetric peaks: one in thedakon region and the
remaining in reduction. All the peaks are two-glecstprocesses, as evidenced
by chronoamperometric measurements. The electrachktrehavior is very
similar to that of the mononuclear [Ru(4TBN¥Ypecies which is, in fact, the
building block of the dinuclear complex [Ru(BTB)RU] The cyclic
voltammetric curve shown in Figure 8 suggests thatfirst two reduction
peaks are strongly affected by adsorption or pietipn phenomena.
Moreover, the processes in the last two peaks arfially affected by
chemical follow-up reactions. The electron-trangfencesses in each of the
voltammetric peaks are very close each other, hadevaluation of the iz
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values was carried out by digital simulation of theltammetric curves.
Accordingly, the two processes comprised in eadk gjeave a separation in
the range 30-60 mV (see Table 1), which is sligtahger than the separation
due to the statistical factor for systems with vergakly interacting redox
centers.’ Thus, there is little delocalization across theBEridge, suggesting
the same holds true for the 4-TBN-bridged spe@ssalso indicated by DFT
calculations. To understand the main localizatibrthe reduction processes
for the mono- and dinuclear complexes, the behawduhe uncoordinated
ligands must be taken into account, together wittomparison of the
values of the corresponding processes for relatetptexes and results of the
guantum molecular calculations. The reduction mees of the mononuclear
species [Ru(4-TBNJ]can be assigned as follows: The first is attridutetpy,
since it is slightly easier to reduce than bpy, dmhce, the subsequent
reduction is centered onto bpy. The third procegghnbe reasonably assigned
to 4-TBN, and the last represents the second redu@lectron pairing into
the same redox orbital) of the tpy. However, if tlwdtammetric curve (see
also the E», values in Table 1) of the mononuclear is compavitd those of
the dinuclear species [Ru(4-TBN)-Rujand [Ru(BTB)Ru", the last two
processes of the mononuclear should be assigribe econd reduction onto
tpy and bpy, respectively.

oxidn Ep/'V redn E1n/'V

species 1 2 I il 1T v v

tpy? —1.98 -2.50

4-TBNHa? —0.87 -2.24

BTB* —2.03¢ —285 —3.05

[Ru(4-TBN)]*? 1.02 —142 171 =219 -234

[Ru(4-TBN)Ru]**? 102 132 —128 -163 —196 —219 —236
—1.40 -1.70 -2.47

[Ru(BTB)Ru]**? 1.01 103 —141 -171 —219 245

—145 -174 —-224 252

a TEATFB/DMF solution. * TBAH/ACN solution. © Cathodic peak po-
tential.

Table 1. E, redox potentials (vs SCE) of the uncoordinatedniits mono- and dinuclear
Ruthenium complexes.
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Figure 9. Molecular orbital surfaces of [Ru(4-TBN)&u$howing the localization of relevant
orbitals involved in the redox processes: (a) HOMiGst oxidation) mainly centered on the
ruthenium coordinated to tetrazolate; (b) LUMOgffireduction) centered on the tpy; (c) third
unoccupied MO (third reduction process) centeretmnligand.

Such an attribution is also supported by the séipardetween the first and
the second set of peaks (i.e. between the secahthad one), which reflects
the energy of electron pairing into polypyridyl digds. Thus the reduction
centered onto 4-TBN is not observed since it isidetthe negative limit of
the useful potential window. On the basis of th&igaements of reductions for
[Ru(4-TBN)]", we can obtain those for [Ru-(4-TBN)RU] The processes
within the first two peaks are localized onto the ttpy’s and the two bpy’s.
As expected, molecular orbital calculations indécathat the first reduction is
localized on the tpy bound to ruthenium coordindtethe nitrile end of the 4-
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TBN bridging ligand (Figure 9.b). Again, the filspy to undergo reduction
(i.e. the third one) is that coordinated to thdemium-nitrile moiety, as shown
in Figure 9.c by the prevalent localization of tived unoccupied MO. The
fifth reduction (i.e. the third peak) has a potahtvhich does not match any
process in the corresponding mononuclear specied, then it can be
confidently attributed to the bridging ligand 4-TBNRhe coordination to two
metal centers shifts the unobservable process eénntbnonuclear to one
occurring at less negative potentials, falling witithe useful potential
window. The process in the fourth peaks and theitwthe fifth peak can be
attributed as the second reduction of three odowf polypyridyl ligands (tpy
and bpy), on the basis of the comparison of thevBlues in Table 1. Finally,
the localization of the reductions for the [Ru-(BIRBJ*" is quite
straightforward comparing the CV curves and thesiptials of processes. The
first pair of two electron peaks represents thst fieduction of the two tpy’s
and two bpy ligands. The last two peaks (four eted) are the electron
couplings onto the same redox orbital centeredagh @olypyridine.

3.1.2.

Photophysical and ECL properties

In the following paragraph photoluminescence (Pig &CL characterization
of six promising new complexes (Fig. 10) containimgno-coordinating
tetrazolate group as ligand will be reported. ENeectrochemical behaviour
of three over six dyes ([Ru(4-TBN]J[Ru(4-TBN)Ruf" and [Ru-(BTB)Ru]")

in ultra “clean” conditions has been presented pmevious paragraph
considering that experimental conditions are vargdhort section has been
introduced to clarify experimental procedures .e&alculation of &, for for
first oxidation and reduction processes was alsesgary for all compounds
to allow a direct comparison of ECL properties .
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Figure 10. Structure and acronyms of the molecuich ECL emission properties are
investigated.

The synthesis of the new cationic complexes Ru(BRd)Ru(4-Tpy) has been
performed by adopting the same two-step procecwwed in fig.2 and used
with other complexes . This latter involved the lipnenary chloride
abstraction from the precursor species [Ru(tpy)BgiPFs] followed by
reaction with the desired tetrazolate ligand.

Experimental procedures

Electrochemistry and ECICyclic voltammetry was carried out with a model
660 electrochemical workstation (CH Instrumentsstiky TX). Electrodes
were polished with 0.0pm alumina and then were ultrasonicated and
thoroughly rinsed with Milli-Q water and acetongdre each run. The quasi
reference electrode was a coiled silver wire. Atiplan disk (approximate
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diameter 2 mm) was used as working electrode asudled Pt wire was used
as an auxiliary electrode. The,fvalues for first reduction and oxidation are
referred to SCE (saturated calomel electrode) ama have been calculated
adding ferrocene as an internal standard. In E@H alectrochemical
experiments acetonitrile (Fisher scientific HPL@dg) was used as received
and 1 mM solution of the complex (as PF6- salty \weepared with 0.1 M
TBAPFs (Aldrich ) as supporting electrolyte. Similar résuwere obtained
with TBABF, (Aldrich). Before each ECL experiment, the samplas
deaerated with Ar for 20 minutes in a specially maell (see fig. 7 and 13
chapter 2). The exact concentration of oxygen latgm following deaeration
was not measured. Preliminary potential cycling magormed systematically
until a reproducible voltammogram between the fiestuction and the first
oxidation was obtained. The ECL signal during ayclioltammetry was
measured with a photomultiplier tube (PMT, Hamamd®g220p) placed on
the side of the electrochemical cell. A voltage76D V was supplied to the
PMT. A charge-coupled device (CCD) camera (Photdo®eCH260) cooled
below —135 °C interfaced to a personal computer wsed to obtain ECL
spectra. The camera was focused on the output gfaing spectrometer
(Holographics, Inc.). Experimental setup in Austas been described in detall
in section 2.2. All ECL spectra have been recorgéth a pulse width of 0.1 s
and a 4 min exposure time.

Photoluminescence and lifetinféhotoluminescence (PL) measurements were
performed with a Varian Cary Eclipse fluorimeter atetonitrile (Fisher
Scientific HPLC grade) with concentrations betwekd? and 16 M. PL
experiments were performed after 20 min degassiitly A in a specially
homemade O-ring sealed cell. (fig. 11) Samples wblen progressively
exposed to air to study oxygen sensitivity. Absadeaspectra were recorded
by a Varian Cary 5 UV-vis-NIR spectrophotometemgsihe same sealed cell
used for photoluminescence measurements in MeGQNigios. Lifetimes were
measured in an air equilibrated sample using an TBFSPC model 5000 F
(time correlated single photon counting) with a PMetector (Applied
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Voltage: 2150 V). The emission wavelength was setedy a computer-
controlled monochromator. Two cut-offs (590 an® @&in) were used during
measurements. Lifetimes were then calculatedtbgdithe data with a single
exponential decay function.

-

-

Figure 11. Homemade cuvette intended for fluorese@xperiments in vacuum or degassed
solutions.

Solid devices preparationLight emitting solid devices were prepared as
reported previously with Ru(bpyj by Bard and co-worker§!® The
inorganic thin layer was prepared on ITO glass ItiO€echnologies, Ltd., 100
Q, square) by spin coating from a MeCN solution (%&4v/v of complex). A
small drop of In/Ga eutectic (from Aldrich) overtlactive layer, was used as
counter electrode and connected to the refereneetretie lead. Positive
charge was injected through the underlying ITO glased as working
electrode (for a scheme see Fig. 5 of chapter@)Rei(4-TBN)Ru and Ru(4-
TBN)Me complexes both spin coating and an alteveafilm deposition
method were used: a few drops of an acetonitriletiso (0.1 up to 2 % w/v)
were dried in air on ITO surface. In this way akar film could be obtained.
Light intensity was measured using a photodiodéipogd under the emitting
thin layer as depicted in section 2.2.
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Electrochemiluminescence.

The ECL spectra of a 1 mM Ar degassed acetonitadution of
Ru(bpy)(PF;), obtained by direct annihilation between cation antn has
been taken as reference. The sample was run sdiweesd and the highest
emission intensity was of 300,000 A.U. with maxi@&a610 nm. Detailed
voltammetric studies under ultra dry conditions e®N/TBAPK) have been
reported in previous paragraph for Ru(4-TBN)Ru, BRIB)Ru, and Ru(4-
TBN). For the remaining three complexes and thiereace Ru(bpyj* the
cyclic voltammetric curves in Ar degassed MeCNrewed in Figure 12. In
the cyclic voltammetry experiments preliminary t€lEones the complexes
showed in general chemical reversibility in firgidation and reduction wave
(idic very close to 1). If the scan was repeated for d@fles including only
the first reduction and oxidation (scan rate 10e¢)jso change in reversibility
was observed. For all the complexes, including Byib’, the presence of
oxygen seriously affects the quality of reductioraver which becomes
irreversible when the cell is air equilibrated ($égure 12.b). Ru(4-TBN)Ru
shows two reversible oxidation processes and twg el@se reduction waves
assigned to weakly interacting Ru centers bridgethb asymmetric ligand as
also stated in previous paragraph. Fluorescenck,d8@ electrochemical data
for all complexes and the reference one are suipathin Table 2. All
molecules evidenced a smaller energy gap{E d, expressed in eV) with
respect to the reference and the ECL maximum wagtieis always red
shifted with respect to Ru(bpy). Upon changing the substituent, the emission
shifts from 690 nm to 740 nm (see Table 2, Figueahd Figure 14). In
general the ECL maxima are also red shifted frbendorresponding PL by
about 10-50 nm.
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Figure 12. Cyclic voltammetric curves of 1 mM comyds in 0.1 M TBAPFMeCN solution
recorded with a 2 mm diameter Pt disk working etete; T= 25 °C; scan rate 0.2 V/s. (a)
Ru(bpy)®"; (b) Ru(4-TBN)Me, air equilibrated (dashed line) afefjassed (solid line) solution;
(c) Ru(TPh). The small voltammetric wave at abo8t\0.is attributed to the oxidationprocess
of the precursor species [Ru(tpy)(bpy)CI]+, whichnist luminescent; (d) Ru(TPy). In all
voltammograms potential is referred to SCE.
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compound A abs/im (MLCT) e PL et (%) E(10x )V (vs SCE) E (TRed )7 (vs SCE) Amec ECL/im - most stable fon in FCT
Ru(bpy):* 453 630 100 +1.20 - 148 610 anion
Ru(4-TPZ) 487 690 74 +1.12 =13l 690 anion
Ru(4-TBN)Me 463 660 [16 +1.25 -1.4 10 cation
Ruf4-TBN) 487 670,700 51 +1.01 -142 730 anion
RuTPh 487 690 12 +1.03 -1.39 740 anion
Ru(BTB)Ru 487 690 9.0 +1.01 -1.30 700 cation
Ru(4THN)Ru 460, 490 670,700 153 +1.02 =133 690 anion

Table 2. PL, ECL and electrochemical data of the Ryi¢p’ (reference compound) and the six
complexes investigated. Energy gap can be estimtagetthe electrochemical data. The most
stable ion was determined during ECL experiment @ring the relative light intensity during
positive and negative potential pulse in chronoampetry. ¢.(%) is calculated taking
Ru(bpy)?* as reference (100% efficiency).

ECL intensities for mononuclear compounds (seergid3) are lower than for
Ru(bpy)’* but of the same order of magnitude. ECL spectrthefdinuclear
complexes Ru(4-TBN)Ru and Ru(BTB)Ru with respecRu(bpy)** under
the same experimental conditions described abavestewn in fig. 14. The
relative ECL quantum efficiency for the six commexare shown in Table 3.
One of the two dinuclear Ru complexes, Ru(4-TBN)Bwws an emission
about three times more intense than the refereneewhich can be observed
by naked eye in a dark room. The emission intergaty be tuned by simply
including or not the second reduction and oxidati@ve. The emission peak
recorded by CCD is not symmetric; a tail at longevelength is clearly
visible. The spectral resolution in the ECL expeniial set-up does not allow
one to clearly separate the lower energy shouldeinaPL experiments.
Considering the four different mononuclear compsestge higher efficiency
was for the ligands containing tetrazolate bounthwiyridine and benzene.
The introduction of the cyanide group in RuTPh. (itee species Ru(4-TBN))
causes a decrease of ECL intensity of about 75 ¥teri\a methyl group is
then inserted directly on the tetrazolate ring GRUBN)Me) the intesity went
back to higher values. Another interesting comparis between Ru(4-TBN)
and Ru(4-TBN)Ru.
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Figure 13. ECL emission spectra of the four monagarcltetrazolate -based complexes,
obtained by annihilation of one-electron oxidizetd aeduced forms. All ECL spectra were
collected for 1 mM compound in 0.1 M TBAPF6/MeCN gimn, T=25 °C and accumulation
time 4 min.
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Figure 14. ECL spectra of the reference compound B (black trace), Ru(BTB)Ru (blu
trace) and Ru(4-TBN)Ru (red traces: dashed line spactbtained by annihilation of one-
electron oxidized and reduced forms; solid line thoee doubly oxidized and reduced forms of
complex). All ECL spectra were collected for 1 mMngound in 0.1 M TBAPF6/MeCN
solution, T=25 °C and accumulation time 4 min.
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compound max ECL intensity (AL} rECL-Int. (%)

Ru(4-TPZ) 227 869 75
Ru(4-TBN)Me 135405 43
Ru(4-TBN) 45 625 ]
RuTPh [87 232 62
Ru(BTB)Ru 134 028 45
Ru(4TBN)Ru” 372410 (10x., I Red.) 120

864 597 (11 Ox., 11 Red) 290
Ru(bpy)s? (ref) 303 181 100

Table 3. Estimated Relative ECL Emission Efficiency b mM Complex in 0.1 M
TBAPF/MeCN Solution (Ru(bpyf* Used as Referenéefycling the Potential between the
| oxidation @Nd | requction 2The relative ECL intensities (rECL-Ihthave been calculated by the
formula: rECL-Int.(%)= 100*@EcL max/lecL mAX,Ru(bpy) ® The potential has also been cycled
between Il Ox. and Il Red.

The addition of a second Ru(bpy)(tpy) center caumesincrease of ECL
efficiency of six times. As stated above, the two ¢enters in Ru(4-TBN)Ru
behave independently so the inclusion of the seaxiiation and reduction
localized on the second Ru center causes the iB@nsity to double.
Considering the tetrazolate complex Ru(4-TBN)Rthwéspect to Ru(bpy)
PL relative quantum efficiency is 15.3 ¥ in Table 2) and relative ECL is
123 % (rECL-Int in Table 3). The mismatching of pho and
electrochemiluminescence is necessarily correlatgd processes prior to
generation of the excited emitting state. The maigepresence of oxygen has
been found to affect ECL efficiency of Ru(bgy)much more than the
tetrazolate complexes suggesting the possibilitypéoform measurements
under high vacuum conditions.

Photoluminescence and absorbance

Absorbance and air sensitivityThe absorbance and maximum emission
wavelength of all complexes are shown in Table [2cAmplexes (excluding
Ru(4-TBN)Ru and Ru(4-TBN)) show, as expected, aglsiremission in
MLCT region between 630 and 700 nm and a singiordance maximum
between 450 and 490 nm. The sensitivity to oxygercentration is in general
very low. Only Ru(4-TBN)Ru and Ru(4-TBN)Me have shma decrease of
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20-30% in maximum emission intensity when exposeait, which is still
very different from the sensitivity of the Ru(DRPested under similar
conditions’

Broadened emission of Ru(4-TBN)Ru and relativetitiie When the
absorbance spectra of Ru(4-TBN)Ru and mononuclea4-RBN) in
acetonitrile are compared (Figure 15) an additi@afslorbance peak appears at
460 nm in the MLCT region (Metal-to-Ligand Chargeafsfer) in addition to
the 490 nm peak present in both compounds. Theptedis at 460 and 490
nm are more visible in dichloromethane (DCM) thanMeCN (Figure 15).
Both Ru(4-TBN)Ru and Ru(4-TBN) showed a broadeneudsson with
respect to the other four compounds with a shorvelesmgth difference
between the maxima at 670 and 700 nm (Figure 1. Maximum intensity
of both emissions of Ru(4-TBN)Ru is exactly twicket corresponding
emissions of the mononuclear complex Ru(4-TBN)sTdan be explained in
terms of the number of Ru centers that can emihfilwe single lower energy
center. There is a clear increase of the interditye 700 nm emission with
the concentration in Ruand Ry complexes (Figure 16). Temperature also
affects the relative intensity of the second peligure 17). In a 1 mM
acetonitrile solution of Ru(4-TBN)Ru as the tempera is increased from 20
to 50 °C the emission band at 670 nm decreases tharethat at 700 nm.
There is no selectivity with the excitation wavejémon the 670 and 700 nm
emission. At room temperature the two peaks seembdo thermally
equilibrated and the emissions take place at simd&ée. According to our
results low temperature stabilizes the 670 emissiod moderately high
temperature the 700 nm emission (Figure 17). Tlesqurce of two thermally
equilibrated emissions in the visible region hagrbeecently reported for
another mixed ligand Ru(ll) comple¥® the two involved states were in that
case the anthryl substituent triplet state andctmeplex lower energiMLCT.

In Ru(4-TBN)Ru the lifetimes of the 670 and 700 emissions for both mono
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Figure 15 Absorbance spectra of 0.1 mM solutionsRof4-TBN)Ru (in acetonitrile and
dichloromethane) and Ru(4-TBN) (acetonitrile only).

0.01 mM
5 0.1 mM
< 08 1 mM
[<}]
[ L]
c
s -
Q
h
-]
£
£ 04
=
o
(=]
= -
o
g — T T T T T T 1T ™ 1
600 640 680 720 760 800

Wavelength (nm)

Figure 16 Concentration effect on the normalizedrisity of the 700 nm emission of Ru(4-
TBN)Ru in MeCN.
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Figure 17 Effect of temperature on the emissiondbah 1 mM MeCN solution of Ru(4-
TBN)Ru.

and dinuclear are similar (Table 4) which excluttes possibility of artifacts
and distortions (low concentration conditions). etifnes measured on
integrated spectra do not change significantly estigg the similar nature of
the two emissions. Considering that first two m@ihns were assigned to
respectively the tpy and bpy ligand (see paragraghl) and that both
emissions are present even in the

Table 4. Lifetimes of the two complexes that evithzh broadened emission . The excitation

Emission 670 nm Emission 710 nm Full spectra emissi
Ru(4-TBN)Ru 15.5nS 15.8nS 15.6 nS
Ru(4-TBN) 16.3nS 15.8nS 15.8nS

laser wavelength was 465 nm. Freshly prepareétM @cetonitrile solutions were used. The cell
was air equilibrated.

mononuclear compound It can be concluded that MB@&Tlocalized on the
same Ru center. In general Kasha's flstates that no multiple MLCT
emissions are possible from the same Ru centeiinbthe case of mixed
ligands complexes one can sometime expect therpresd# few MLCT states
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with similar energies. The more reasonable explamdor the dual emission
seems to be the presence of a vibrational strudgtutke emission from the
tpy-Ru MLCT or alternatively from bpy-Ru MLCT tratien. Further and
more detailed studies on the photophysics are mapesto thorougly
understand this broadened emission.

3.1.3

Solid device tests.

Solid devices based on the reference compoundbplt’, were first
prepared using the same method as reported €&rlidf.observed under an
optical microscope the inorganic thin layer on I$@face appears yellow and
homogeneous. The steady state current was small stallle up to 2.25 V
suggesting the absence of pinholes and the godiygofthe coverage. The
maximum light intensity was estimated to be 1u¥/mn¥ and easily visible
in the daylight. The Ru(bpyClO4), solubility in acetonitrile is about 40
mg/mL. For four out of the six complexes (excl@liRu(4-TBN)Ru and
Ru(4-TBN)Me) pinholes and short circuit effects kcboot be avoided and the
emission was very weak (two orders of magnitude Ietense) compared to
Ru(bpyf*. This is due to the low solubility in acetonitrdad to the successive
crystallization on the ITO surface that prevent tfmrmation of an
homogeneous film. Changing the solvent (DCM, acetoor drying a
deposited drop from a lower concentration solutidid not improve the
emission intensity.

Ru(4-TBN)Ru .The solubility was 4% w/v in acetonitrile. Usingijis coating,
precipitation and crystallization on ITO surfacsuked in a inhomogeneous
film with pinholes. No steady-state emission waacheed and a maximum
light intensity of about 0.6W/mn7 was measured (applied potential 4 V; red-
orange light was observed by naked eye). Reproiliticilvas not good due to
pinholes distribution in the sample. Different atpgsmwere made: spin coating
at lower speeds (400, 300, 200, 100 rpm), for ehaithes (1 min, 30 s, 15 's),
and using lower concentrations (4, 3, 2, 1 % whhwever, the film
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properties did not change. The steady state emisgés reached when a 4%
acetonitrile solution was dried on an ITO substrd@mure 18). The film
thickness increased from the previously- estimat@des of 100-200 nm to
500-1000 nm showing iridescence. The durability viaproved but the
response time (30 minutes reaching the maximummgiti® and the maximum
intensity (about 0.0%W/mm2 at 4 V) strongly decreased as compared with
spin coated film. The behaviour was similar to tbbeserved for Ru(bpy)
when the device was prepared and operated in dak§ The Ru(bpyy"
gave a crystalline insulating and iridescent filrhen a drop from a similar
solution was dried. An explanation of this behavi@i the increased time
necessary to cross the diffusion layer and the dnighmount of solvent
molecules retained by tetrazolate-based complexesmpared to Ru(bpy).
This could also explain the reversible memory dftdgotential conditioning
on response times (Figure 19).
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Figure 18. Light/current/potential curves of a dalevice prepared by drying a drop of 4% wi/v
acetonitrile solution of Ru(4-TBN)Ru.

By waiting for some minutes after the switching offthe activation potential
of the device, the response time increased agantal the thermal disorder
effect on the double layer generated by the gel@pplication in a previous
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operation. In this thick, but still conductive miilthe kinetics are slowed and a
continuous decrease of open circuit current geoled after operation.
Ru(4-TBNMe). Solid devices have been prepared and an inten§ify.1o
puW/mnt was obtained. With a applied potential of 5 V #maission spectrum
was recorded using the previously described CCD ecansetup. The
maximum was in the NIR region at 780 nm. Compagngssion spectra of
the same compound in solution and in solid filmed shift is often observed
due to modification of interactions between molesulin condensed
structure$’ The solubility in acetonitrile is much lower thémat of Ru(4-
TBN)Ru and the active film was prepared by dryindrap of a 0.4% w/v
solution. The film is still crystalline and affect by pinholes. The response
time was about ten times lower than for Ru(gPybut faster than that for
Ru(4-TBN)Ru. The film structure withstood, and #maission continued to be
observed, up to 10 V; the response time progregsinereased whereas the
durability decreased. A reversible memory effectdsponse times was again
observed.
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Figure 19. Light/current/time curves obtained apmly5 V switching potential in successive

500 s experiments on a Ru(4-TBN)Ru based solid devitéckness of the active film
approximately Jum. (A) Second subsequent run; (B) second run afpause of 5 min.
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3.14

Notes on this first series of compounds.

The measurements performed in this sections shatlvedpossibility of
altering the ECL emission wavelength by changing ¢gnoups around the
tetrazolate ligand. In general, for this class ofmpounds, the energy gap is
lower and the emissions are red-shifted with respe®u(bpy)’". The fact
that emission is shifted in IR region is importémt application in biological
matrixes where a background emission is often ptese UV-VIS region.
From this point of view should be interesting tdlthECL labelling agents
based in those new complexes. (especially Ru(4-Mgi)l) In degassed
acetonitrile solutions, Ru(4-TBN)Ru showed a swipgly intense ECL
emission, suggesting the use of Ru(4-TBN)Ru far preparation of light
emitting solid devices, which show emission intgnsomparable to that of
Ru(bpy)’* based devices. In addition, Ru(4-TBN)Me can be alsnsidered
as a luminophore for the design of NIR (780 nmhigmitting solid devices.
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3.2
Complexes containing tetrazolate based bis-coorditiag ligands.

Considering the promising results obtained in presi paragraph another
series of compounds containing tetrazolate bagghdis has been taken in
consideration (fig.20). The relatively small stwretl differences between the
three complexes are evidenced using the red colougeneral all dyes are
octahedral and contain two bis-chelating B&ridil (bpy) and one bis-

chelating tetrazole based ligand. Ru(pyr-tet) dosta pyridine functionalized

in position 2 with tetrazolate ring, Ru(pyr-tet)Me the same complex
methylated on nitrogen 2 of tetrazolate and atdhd Ru(pyz-tet) contains
tetrazolate ring bound with pos. 2 of pyrazine.

P
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%\N\N@/ |

Ru(pyz-tet) Ru(pyr-tet)

— _2+

@f?,@
% &

Ru(pyr-tet)Me
Figure 20. Structures and acronyms of the complekgsct of this section.
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pyr-tet and pyz-tet ligands are negatively charged overall complex charge
is +1. Ru(pyr-tet)Me is doubly positively chargeethuse methylated tetrazole
is neutral (see fig.3). One of the substantial eddhces from previously
analyzed molecules is that each Ru is doubly coatdd by tetrazolate
ligand. A paper reporting synthetic procedures stndctural characterization
is in preparation. Those new dyes were selectedaaslidates for ECL
investigations because of pretty high quantum iefficy during preliminary
fluorescence measurements. Together with the chisscope of ECL
efficiency improvement in organic solvents, ondha objectives was also the
understanding of tetrazolate protonation effecE@i intensity. In the section
3.2.2. after ECL charaterization in acetonitrile tbomplex Ru(pyr-tet) has
been successfully tested in a aqueous buffer andaqailibrated cell. Those
features allowed to make an ECL titration with daymus DNA (ct-DNA).
This experiments, described in the last paragraphths chapter, were
necessary to understand the type of interactiothef complex with DNA
double helix.

3.2.1

Electrochemical properties.

Cyclic voltammetric curves were registered forcalinplexes in the previously
described ultra dry conditions (see appendix cHgpt.The E, for reduction
and oxidation processes, referred to SCE are mxporttable 5.

Ox Eg2 (V) Red Ey(V)
1 | I I v \Y
Ru(pyr-tet)® +1.23 -1.28 -1.60 -2.30 -2.55
Ru(pyz-tet)® +1.25 -1.45 -1.75 -2.14 -2.68 -303
Ru(pyr-tet)MeP® +1.27 -1.19 -1.36 -1.69 -1.81 -2.29

Table 5. Oxidation and reduction potentials of tt@mplexes containing bi-coordinating
tetrazolate based ligands. Potential is referredS@E. All processes are assumed to be
monoelectronic.

3Solvent: ultradry THFSolvent: ultradry DMF. *The process was only pditieeversible.
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———— New materials based on Ru

As stated above redox processes in Ru(ll)-polypyeicomplexes are mainly
localized either on the metal center (oxidations) an the ligands
(reductions):***In those measurements ultra dry DMF and THF weggluo
focus on reductive processes. Because of theelimpiotential window in
oxidation the relative f was calculated from partially irreversible pro@sss
due to overlapping of the process with solvent atie discharge. As
expected however | for | oxidation process didn’t change much by wagy
the complex. This potential was not substantialyfted from the values
observed in MeCN and aqueous solutions during E€&heration . (see for
comparison tab. 5 and fig. 27). It is then cleanththat the only oxidation
process and HOMO is localized on Ru centre fothal dyes. Let's consider
now the reductive voltammetric curves of Ru(py)-tand Ru(pyr-tet)Me
reported in fig. 21 and 22. It's useful to compdhat curves with that of
[Ru(4-TBN)]" (fig. 6). The succession of the peaks appearstanalogous:
two close peaks a gap and other two peaks even cimge one another. By
taking then in account the previously reported sfaions on [Ru(4-TBNY)]
reductions assignments (par. 3.1.1), based on DFdleaular orbital
calculations and in a accurate comparison betwagesligand and overall
complex voltammetry We can conclude that:

1) reduction peaks namely | and Il can be assatiattdh monoelectronic
reduction of first and second bpy ligand.

2) Reduction peaks labelled Ill and IV are relatedlectron pairing in the
same single MO previously reduced .

The last assignment is confirmed by the fact that,EE;», is approximately
equal to &, -Eyz and value is in the range of electron pairing enengy
polypiridine ligands. The most expanded potentiehles in Ru(pyr-tet)
voltammetry is justified by the higher electricabistance caused by
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Figure 21. Cyclic voltammetric curve of a i Ru(pyr-tet) THF solution; Supporting
electrolyte: TBAPE 0.1 M; THF; Scan rate: 10 V/s; T= 25 °C, Workirigatrode: Pt disk of

125um diameter (UME). Potentials are referred to SCE.
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Figure 22. Cyclic voltammetric curve of ad® Ru(pyr-tet)yMe DMF solution; Supporting

electrolyte: TBAPE 0.1 M; ; Scan rate: 1 V/s; T= -60 °C; Working é¢tede: Pt disk of 125
um diameter (UME). Potentials are referred to SCE.
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———— New materials based on Ru

increased scan rate respect to that of Ru(pyr-etidr this last compound a
fifth reduction (label V in fig. 22) has been obsmd and is probably
associated to an higher energy unoccupied MO loedlon tetrazolate ligand.
The unusual fact that first four reductions areal@ed in only 2 out 3
electroactive ligands can be justified assuming #tectron rich pyr-tet and
(pyr-tet)Me unoccupied MO lie at higher level respto that of bpy and his
electron coupling energy. In the case of Ru(pyet contrarily to Ru(pyr-
tet) the third and especially fourth reduction qass looks as partially
irreversible. A different assignation of voltamnietreduction peaks can be
hypothesized for the complex Ru(pyz-tet) (fig. 28suming that bpy ligand is
more hard to reduce with respect to pyz-tet becausditrogen are present

-1.2

-0.8 —

-0.4 —|
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Figure 23. Cyclic voltammetric curve of a 401 Ru(pyz-tet) THF solution; Supporting
electrolyte: TBAPE 0.1 M; THF; Scan rate: 10 V/s; T= 25 °C; Workinigatrode: Pt disk of
125um diameter (UME). Potentials are referred to SCE.
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in his ring. Accordingly reduction | should be Itizad on pyz-tet ligand, the
following two on single bpy ligands (ll, Ill). Thiellowing two reductions can
be reasonably assigned to electron coupling ontgtyzand bpy ligand
respectively (IV,V). A summary of the reduction igesnents is shown in fig.
24. More investigations (i.e. voltammetries of thgands pyr-tet, pyz-tet and
pyr-tet-Me that are currently unavailable for slipiproblems ) are however
necessary to understand in major detail those higltkeiction states.

[\

Tyr- tet DyZ-tet
Ru |
Ru
7/ N\

bpy bpy bpy/ \bpy
||I I :IV l\l/ I

Vv

(pyr-tet)Me

/Ru\
bpy bpy

| Il
Il [\

Figure 24. Scheme of localization of reduction psses into Ru(pyr-tet), Ru(pyr-tet)Me and
Ru(pyz-tet) complexes.
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3.2.2. Emission properties in organic solvents.

Fluorescence.

Similarly to the previous series of compounds, iprglary photophysical
investigations are necessary to readily understarat MLCT states could be
populated electrochemically. In fig. 25 are showmission spectras of
Ru(bpy)®*, Ru(pyr-tet) and Ru(pyz-tet) recorded from™1® MeCN air
equilibrated solutions. The MLCT energy in absodeagpectra (not shown) is
very similar for all complexes (around 450 nm); @xealue is evidenced in
fig. 25 as exciting wavelength. At this point flascence quantum efficiency

@ p. Of the new dyes is calculated taking that of Ryjp as 100 % and

assumed as:

oy =12 (RUOPY, X) 5
o (Ru(bpy)s)

It's clear thatg,, ,_ of Ru(pyr-tet) is about one order of magnitude highan

that of Ru(pyz-tet). On the other hand Ru(pyr-¢tgtintum efficiency is not far
from that of the standard (more or less 1/3). Aplaxation of the great
difference between quantum efficiency of the newsdgan be given by taking
in account the previously discussed LUMO and HOMSGignements (section
3.2.1). The fundamental aspect to consider coulthbeLUMO localization
which should be the same MO populated in MLCT extistate generation.
The LUMO of Ru(pyr-tet) is the long living bpy MOsain Ru(bpy)":
considering Ru(pyztet) the MO of pyz-tet ligandhiat at lower energy and his
shorter life time is probably caused by the presewnfctwo nitrogen atoms.
Life time measurements on the complexes and onitigge tetrazolate ligands
could definitely confirm this hypothesis. The nmaym emission wavelength
is very close to that of Ru(bp§) for both complexes. The effect of
methylation (Ru(pyr-tet)Me) on Ru(pyr-tet) emissigpectra is shown in fig.

26. @, p_ for Ru(pyr-tet)Me is approximately 1/3 of that betpristine
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300 Ru(bpy)32* EXC: 455 nm

MAX EM: 610 nm
MAX INTENS: 312.523 A. U.
QUANTUM EFF, REL 100 %
Ru(Pyr-TET)  EXC: 470 nm
MAX EM: 645.07 nm
MAX INTENS: 87.975 A. U.
QUANTUM EEF. REL 28.15 %
Ru(Pyz-TET) EXC: 430 nm
MAX EM: 625.00 nm
MAX INTENS: 7.716 A, U.
QUANTUM EFF. REL. 2.47 %
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Photoluminescence intensity (A.U)

550 600 650 700 750 800
Wavelength (nm)

Figure 25. Fluorescence spectra of MeCN*1 solutions of Ru(bpyf*, Ru(pyr-tet) and
Ru(pyz-tet). Maximum absorbance MLCT band was useekaitation wavelength. Cell was air
equilibrated.
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Figure 26. Fluorescence spectra of MeCN Msolutions Ru(pyr-tet) (Black line) and Ru(pyr-
tet)Me (Red line). Maximum absorbance MLCT band wssduas excitation wavelength. Cell
was Ar degassed.
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complex and his maxima blue shifted of about 30 mfhecting exciting
wavelength shift. This effect could be explained dpnsidering the partial
contribution to the LUMO of the higher energy (pgt}Me MO which is
probably more consistent than that of pyr-tet. Sofrthe consequences on the
LUMO are the higher energy (lower emission wavellhgnd a slightly lower
life time (lower efficiency). The absolute quantusfficiency can be then
easily calculating by considering that Ru(bpyestimated efficiency is 4.2 %.

Electrochemiluminescence.

Even if voltammetric characterization introducedsiection 3.2.1 has been
performed in ultra dry THF or DMF, electrochemicahbility of the new
complexes allowed satisfactory ECL emissions atsoanventional solvents
by simplifying sample preparation. The use of leotjuality MeCN in Ar
degassed cell was sufficient to obtain voltammetucves that showed one
oxidative (1) and two reductive reversible procesdgll) for all complexes.
The Wi value is close to 1 for all processes. As exaragigical voltammetry
registered from a Ru(pyr-tet) MeCN solution hasrbesported in fig. 27.

-4E-005

-2E-005 —]

2E-005 —]

T T T T T
' EIV !
Figure 27. Cyclic voltammetry of a M MeCN solution of Ru(pyr-tet). The solvent is used
as received (bottle quality) and the sample is seg with Ar for 10 minutes using ECL
electrochemical cell previously introduced in fig3 of chapter 2 . Supporting electrolyte:
TBAPFs 0.1 M. Working electrode: Platinum disk of 2 mnamtieter. Potential is referred to

SCE.
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The remaining complexes Ru(pyr-tet)Me and Ru(pyeseltammetric curves
registered in the same conditions are very simdahat shown in fig. 27. All
the dyes are energy sufficient (i.AE = By, rEi121> Energyscr expressed in
eV) to populate electrochemically the MLCT statethwE of around 2.5 eV
lower than that of Ru(bpy) (2.68 eV). Preliminary light/current/potential
curves (CV) and light/current/time curves (CHRON®gre systematically
recorded for each complex to check out the emistioe stability and to
optimize experimental conditions for successivecBpeacquisitions. The
preliminary tests suggested that the best excitiethod were alternated 0.1 s
potential steps at respectively 1 oxidation aretluction potential.

1600 —

ECL 705.72 nm
(PL 625 nm)
1200 —

ECL intensity (A U)
|
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Figure 28. ECL spectra of Ru(pyz-tet) Il MeCN solution. Supporting electrolyte: TBAPF
0.1 M. Emission mechanism: anion-cation direct hifation. Switching potential: +1.65 V (I
Ox.) 0.1 s impulses alternated with — 1.35 V (I R€dL s impulses. CCD accumulation time: 4
min. Cell was Ar degassed for 10 minutes.

Ru(pyz-tet).

Emission ECL spectra registered by 4 minutes CCiumalation is reported
in fig. 28. By taking Ru(bpyj* as a standard the already definited rECL-Int.
is of 0.43 % which is about five smaller respectflitmrescence efficiency

(@G Of 2.47 % ). ECL low emission intensity could leeplained

considering that pyz-tet localized MLCT state i®r$Hived with respect to
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that of bpy. The inclusion of the second reductmauses no change in
emission intensity because of process partial englility that produces and
electrode filming product. Maximum emission wavejénis interestingly red

shifted in the NIR region (705 nm). Red shifts likés are often observed in
ECL for different reasons. In this case the retdgivgreat red shift from

fluorescence (~80 nm) is probably related with roolar rearrangements or
chemical modifications during excited state formatthat could also justify

the decreased efficiency. No excimer formation besn ever reported and
seems possible for such octahedral complexes.

Ru(pyr-tet).

As expected from preliminary fluorescence charazdéon, this dye
evidenced an extraordinary intense ECL emissiore Iight emitted at the
working electrode disk was well visible by eye ewera lit room as happens
with Ru(bpy)**. The emission spectrum is reported in fig. 29. Weximum
wavelength is very close to that observed in flaoemce AL ~ 5 nm) and
being around 640 nm is red shifted respect to R)¢bpof about 30 nm. The
fact that A\ is so small contrarily to Ru(pyz-tet) suggestst thapulated
MLCT state is exactly the same of fluorescence eawithg the dye stability
during oxidative and reductive potential steps. tHG is estimated to be of
243 % so apparently the new dyes emits more thansthndard . The

discrepancy between rECL-Int ang, ,, could be explained in terms of

difference between diffusion coefficients and te tfatio of formation of
guenching products at the electrode. Another delicaspect is the
standardization of oxygen concentration after Agadssing. As in the case of
the previous series of complexes the concentragfooxygen has not been
measured prior to ECL measurements so that sméireices in @
concentration can affect relative emission intéesit To improve the
reproducibility of ECL intensity It will be possiblto perform measurements
in ultra dry conditions (see section 2.4 “high watucell”) were the oxygen
concentration is equally very close to 0 for thevrstudied complex and the
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standard (18 bar of internal pressure). What can be saidas Ru(pyr-tet)
has the scarce property to have ECL intensity v&@rgilar to that of
Ru(bpy)?* and an exceptional electrochemical stability inticzeanion
annihilation. The inclusion of the second reducticauses an emission
intensity drift of about 2.5 times (fig. 29) with axima at the same
wavelength. The simpler explanation is that a phitreversibility on second
reduction causes filming products at the electrodéds way the emitting
surface is reduced and an amount of generatedataaion is not producing
excited state causing an ECL intensity decrease.

800000 —
— Max emission wavelength:
640.90 nm

600000 —

400000 —

ECL intensity (A.U)

200000 —

400 600 800
Wavelength (hm)

Figure 29. ECL spectra of Ru(pyr-tet) 1M MeCN solution. Supporting electrolyte: TBAPF
0.1 M. Emission mechanism: anion-cation direct hifetion. CCD accumulation time: 4 min.
Cell was Ar degassed for 10 minutes. Switching paer(black line) +1.55V (1 Ox. ) 0.1 s

impulses alternated with — 1.6 V (I Red.) 0.1 s iteps;(red line) +1.5 V (I Ox.) 0.1 s impulses
alternated with — 1.9 (Il Red.) V 0.1 s impulses

Ru(pyr-tet)Me.
Emission spectra of the methylated form of Ru(gy)-thas been tested in
MeCN using anion-cation annihilation. Emission gesf are shown in fig. 30.
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Unlike happens in fluorescence that is blue shiftédabout 35 nm ECL
maxima is exactly coincident with that of Ru(pyt}tet about 645 nm.

Considering that rECL-Int is 51 % ag,, ,, 9.6 % the behaviour is the same
already described for Ru(pyr-tet) with both PL &L intensity attenuated
of about 3-4 times. The introduction of the metlybup causes thus a

decrease of ECL intensity and populated MLCT isxpeetedly identical to
that of Ru(pyr-tet).

160000 —

120000 —

80000 —

ECL intensity (A. U.)
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Figure 30. ECL spectra of Ru(pyr-tet)Me 101 MeCN solution. Supporting electrolyte:
TBAPF; 0.1 M. Samples were Ar degassed for 10 minutes. @&fimulation time: 4 min.
(Solid line) switching potential: +1.5 V (I Ox. ) 0.1 s impetsalternated with — 1.65 V (I Red.)
0.1 s impulses Emission mechanism: anion-catioactliannihilation. Qotted line) switching
potential: +1.2 V (potential of max. ECL intensit9)l s impulses alternated with 0 V 0.1 s
impulses; Emission mechanism: oxidation in preserid®éPr, added at 3x1®M concentration .

ECL in presence of NPg

Considering the reversibility and time stabilityiganced in first oxidative
process an excess of the oxydative coreactans (d8nc. 3x1F M) has been

added in the same MeCN solutions used previously cation-anion

annihilation tests to check emission propertiesisgimn maxima showed no
shift whereas intensity was in general lower thdmattobtained with
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annihilation method. The causes of the decrease e&sentially two: (i) the
formation of filming products at the electrode paied by the ammine
electro-generated radicals; (i) the progressimeactant consumption. ECL
spectra of Ru(pyr-tet)Me by employing the two difilet mechanisms are
shown in fig. 30. An intensity decrease of aboub &mes respect to
annihilation is observed when ECL spectra is ctéié in presence of Nffor
Ru(pyr-tet) and Ru(pyr-tet)Me. In the case of Rafst) the addiction of NRr
caused a complete disappearance of ECL signal awsore fast filming
reaction. ECL and photophysical properties in Me&@N summarized for all
dyes in table 6.

Compound MLCT? OrelpL Aec/nm rECL-Int rECL-Int
dapdNM  ApL/NM C-A’ NPrg**
Ru(pyz-tet) 430.3 625.1 25% 705.3 0.4
Ru(pyr-tet) 468.4 645.3 28.1% 640.9 2432 % 107.0 %
Ru(pyr-tet)Me | 431.7 614.5 9.6 % 645.2 51.4 % 19.9%

Table 6. Summary of photophysical and ECL emispiamperties in Ar degassed MeCN.
@ Fluorescence from air equilibrated MeCN 10-5 Musohs.

* C-A= cation-anion annihilation in Ar degassed Mé6olution. [Ru]=1CG M; [TBAPF|=0.1 M.
**NPr ;= oxidation in presence of NP3x10% M.

3.2.3. Dependence on protonation of ECL intensity.

The presence of three lone pairs into negativedygdd tetrazolate ring makes
the complex Ru(pyr-tet) to behave as a nucleofifiolecule. As already
showed in fig. 3 and 4 this reactivity can be eiptbto add a proton or a
methyl into tetrazolate ring in presence of a ggranid (triflic). In this section
the effect of Ru(pyr-tet) protonation on ECL emissiis investigated. The
reagent employed to add protons is a strong orgaeitt that is assumed as
completely dissociated: GEOOH. The reaction scheme depicted in fig. 31
evidences that in principle three possible protonasites are present in
Ru(pyr-tet).

131



———— New materials based on Ru
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Figure 31. Scheme of hypothetic successive protmmateps in Ru(pyr-tet) tetrazolate based
ligand.

The positive charge increment in combination wikris effects on the three
lone pairs allows however a single protonation .stBpotonation seems
possible only in position 2 respect to tetrazolaierdinating nitrogen. In this
series of experiments the mechanism employed tdug ECL is again the
cation-anion annihilation in MeCN /TBAREolutions at same concentrations
used for complex basic characterization. Considathiat in Ru(pyr-tet)Me the
nitrogen which is expected to add a proton in Ru{pt) is protected by a
methyl group this compound has been taken as aesmting model. The
modification of cyclic voltammetric curves and E@missions are compared
to study the effect of acid addiction and to veriflye occurrence of
protonation.
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CVv

Trifluoro-acetic acid has been employed in eledtesoical and ECL

experiments because in absence of protons excespésted to be stable in
oxidation and reduction. FewlL of MeCN concentrated solution were
prepared from glass sealed phial to minimize watentamination. The

appropriate equivalent amount of reactant was #emurately introduced by
micropipette into electrochemical cell.

Ru(pyr-tet)Me

Let's consider first the behaviour of the modelsteyn Ru(pyr-tet)Me
introduced in fig. 32. The voltammetry of a 1 mNF,COOH MeCN solution
shows unexpectedly a reversible peak at about ¥0.8s Ag which is
associated with protons reduction and successiexidation. This behaviour
can be understood if We assume that only atomicdggh is generated and
adsorbed in the surface of Pt working electrode fHut that Ag wire is not a
true reference electrode (a potential drift is expeé upon strong acid
addiction) is not a problem because both hydrogeso@ated peaks and
complex | Ox. and | Red. can be used ad interaaldstrd to shift potentials to
appropriate values and to make appropriate curvegapping. By comparing
the CV curve of the pristine complex with that ohéal after addiction of 1
and 2 equivalents of acid it's clear that the @#s are a simple combination
of the Ru(pyr-tetfMe and GEOOH voltammetries. This fact is a clear
evidence of non-interaction between the acid ptand the complex that
continue to behave independently after addiction.

Ru(pyr-tet)

If We look now at the results of analogous expenitagerformed on Ru(pyr-
tet) showed in fig. 33 It's immediately clear thaitammetries obtained after
acid addiction are not a simple linear combinatibthat of the complex and
of the acid. Two features can be pointed out: @gatalytic effect of Ru(pyr-
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tet) in molecular hydrogen evolution is presen};dotentials of oxidation and
reduction processes of the complex are substantinthanged .

CVin ACN/TBAPF; 0.1 M
Ru(pyr-tet)Me 103 M
Ru(pyr-tet)Me + 0.25 uL CF,COOH (1x10° M)
Ru(pyr-tet)Me + 0.50 uL CF,COOH (2x103M)
CF,COOH only (10-3 M)
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Figure 32. Voltammetric curve of Ru(pyr-tet)Me (Katine) is compared with that of
CF;COOH (green) in the same experimental conditiong @yclic voltammeties of Ru(pyr-
tet)Me after addiction of 1 (red line) and 2 (Bleguivalents of acid are also reported to
evidence experimental curve modifications.

() By comparing fig. 32 with fig. 33 It's clear thiateversible peak at about 0

V vs Ag It's the same associated with proton reiductand re-oxydation
observed in fig. 32 (two short distanced peakspagsent even in GEOOH
voltammetry). Like in previous complex electricalrent is proportional to
the added equivalents of acid; this is a clear ead@ that no proton is
consumed by reaction with Ru(pyr-tet) and ¢bntinues to behave as free
species. Even if protonation did not occurred setige localized lone pairs
show a catalytic effect on’Helectrochemical reduction process. In the case of
Ru(pyr-tet) in fact proton reduction is clearlyewersible probably because
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molecular H is formed and H can no more be re-oxidized. Anoalygtic
mechanism is shown in fig. 34 involving a tempordrydrogenation of
tetrazolate ring.

(i) By observing fig. 33 It is clear that the complésstf oxidation and first
two reductions remain at the same potential befow@ after acid addiction.
The distance between first reduction and first ati@h is consequently
constant and the fact that second reduction is maident in the curve where
3 equivalents of protons were added is due to dl siiference on applied
potential limit. Those observations seem to confihat no protonation has
occurred in these experimental conditions.
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Figure 33. Modification of cyclic voltammetric cuof a 166 M MeCN solution of Ru(pyr-tet)
upon addiction of 1, 2, 3 and 4 equivalents of;@POH. Supporting electrolyte: TBARF
0.1 M. Scan rate: 1 V/s.

135



———— New materials based on Ru

(@) (b)
H
N—R N— /
|
) O—< / Reduction
’// \\\\ ’/// \\\‘ H* H
=) (9) ! ¢
Pt |—n| Pt
Ho HT
N \
D) 0_4 ) | / \ -
Ha N/l\J Oxidation
//” h //’RG\\\\\\‘ H H o H* H*
+ H—H
i - ] /o
1) Il \ |3 S, /Z/”
'/,//R\\\\ "//Ra\\\

Figure 34. (a) An hypothetic mechanism of the gaitaleffect of Ru(pyr-tet) on reduction of
acid protons to K. The key feature is the proximity of the tempiyanydrogenated N atoms
into tetrazolate ring. (b) Reversible protons remunctinto Pt electrode surface. Electro-
generated H atoms are adsorbed into metal surfat®w recombination. In the case of
Ru(pyr-tet)Me two adjacent lone pairs are not digb@sas in Ru(pyr-tet).

ECL

ECL experiments are not significant to confirm thgtirogenation of Ru(pyr-
tet) occurred. There is in fact no substantialedénce in emission intensity
decay from Ru(pyr-tet)Me (fig. 35) and Ru(pyr-t€f)g. 36) which is
fundamentally caused by the excess protons. Camngidérst the compound
Ru(pyr-tet)Me light/time curve have been registeaidr that 0 (black line), 1
(red line) and 2 (blue line) equivalents of aciddideen added. It's important
to notice that potential applied was that necestaiyclude first reduction and
oxidation which values varied in successive expenits upon acid addiction
because of quasi reference electrode drift. Thesgom during reduction
almost completely disappeared when an equivaleatiof was added whereas
emission during oxidation decreased much less.d8ijng a second equivalent
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the maximum intensity during oxidation was reduded¥s of initial and

integrated emission during oxidation was estimatetie around 1/50 of the
initial value. A much faster time decay of the esioa is also evident in
presence of acid. The effects of proton preseneeddferent: (i) Having a

reduction potential lower than the complex theyrdase the amount of
generated radical anion. (ii) They can combine velbctrogenerated anion
more fast (higher diffusion coefficient) than catiso signal is obtained in a
competitive regime only during oxidation when aaramount of complex
radical cation is generated. The proton negatifecebn ECL intensity can be

Ru(pyrtet-Me) 10° M
Ru(pyrtet-Me) 10° M + CF,COOH 10 M
0.8 — ———— Ru(pyrtet-Me) 10° M + CF,COOH 2x10*M
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Figure 35. Light/time curves registered from a MeQ M solution of Ru(pyr-tet)Me in the
same experimental conditions described in fig.3@tching method: positive potential impulse
of 0.1 s including | Ox. of the complex and 0.hegative potential impulse including | red.
Mechanism: cation-anion annihilation
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schematized as follows:

1) Ru(pyr-tet)Me + e— Ru(pyr-tet)Me~
2) Ru(pyr-tet)Me - e- —3m Ru(pyr-tet)Me*
3) Ru(pyr-tet)Meé~ + Ru(pyr-tet)M& —m— Ru(pyr-tet)Mé+Ru(pyr-tet)Mg
1) H"+e-—H

2) H-e-—H"

3) Ru(pyr-tet)M&+ H* — Ru(pyr-tet)Me + H

where the reactions with the same number are irpetition. Red colour is

used to point out electron transfers involvingad the black Ru(pyr-tet)Me
processes. Finally considering fig. 36 It's cldaatta similar negative effect of
protons is evident also in Ru(pyr- tet) which iimpiple is even more hard
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Figure 36. Ru(pyr-tet) ECL spectra in presence df,@ and 3 equivalents of gFOOH. CCD
accumulation time: 4 minutes. Potential prograrthéssame described in fig. 35. The spectra is
registered from a IYM MeCN containing 0.1 M TBAPRfas supporting electrolyte. The cell
was Ar degassed for 10 min before each run.
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to reduce because of the possible coordinatiomwofitydrogen atoms at once.
There is no shift on maximum emission wavelengttenvacid is added but
only a clear decrease of intensity of about 60 sinfdnis result is in agreement
with previous conclusions that Ru(pyr-tet) is gtifit protonated.

3.2.4 ECL of Ru(pyr-tet) in buffered aqueous solutin.

The bright ECL emission of Ru(pyr-tet) in MeCN dabn together with his
discrete solubility in water suggested the posgibib perform ECL tests in
aqueous conditions. These measurements were necassaeck the complex
readability to biological assays because practgperimental conditions are
air equilibrated aqueous buffers. This seriesesfst was also an occasion to
compare the performance and emission features @fpR}>" with that of the
tetrazolate based more efficient dye. The delieafect of ECL quantitative
measurement was taken in account by using the squeosmetry cell and
trying to find the conditions in which ECL was heghand stable at the same
time. ECL was obtained by oxidation in presenceN#fr; in a 0.1 M
phosphate buffer solution (PBS) at pH 7.5 the evadll which coreactant
activity is maximum according to LeladtiThe concentration of the ammine,
considering that his effect on ECL intensity is Wwmoto be linear, was equal to
solubility at pH 7.5 to maximize emission intensi@x10° M).?® A
preliminary comparison of emission features haslmerformed by using a
true reference electrode. (fig. 37). As expectesl light/potential curve has
two maxima for all dyes the first in corresponden€®IPr oxidation and the
second when Ru complex is oxidised. Because MHn large excess respect
to Ru the first maxima is much more intense than dbcond. Potentials of
oxidation of NPg and Ru complexes can be thus estimated from figtenhtial
curves. NPy is oxidised at + 0.84 V (1), Ru(bp$) at +1.18 V (2) and
Ru(pyr-tet) at + 1.39 V (3) vs Ag/AgCl. Ru(pyr-tdips an higher oxidation
potential respect to Ru(bp§). Has been however

empirically found that to obtain an higher intepsaand reproducible signal is
convenient to include only NPoxydation during ECL experiments. For this
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reason the two dyes are equivalent from this poinwview. If fig. 37 is
carefully observed is also evident that the Rufpyr-emission peak in
correspondence of NPoxidation is broader than that of Ru(bgy) This
feature is for sure a benefit of Ru(pyr-tet). Iiswccessive series of tests the
maximum intensity of emission was carefully compamy employing bottle
guality NPg ECL maximum intensity detected from Ru(pyr-tet)sved 8 times
higher than that of Ru(bpy). (not shown) Being the value of relative

emission intensity far frong,, , the presence of impurity in the ammine was

a possible explanation.

12

— Ru(bpy)az‘

—RU(pYT-tEt)

o
©
|

Normalized ECL intensity
\ !
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0 I w T
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0.5 0
E /V vs Ag/AgCI
Figure 37. Comparison of the light/potential cureésRu(bpy)}?* and Ru(pyr-tet). Supporting
electrolyte: phosphate buffer solution (PBS) 0.1 pH (7.5). ECL mechanism: oxidation in
presence of NRr(3x10% M). Switching method: Cyclic voltammetry. Scan rade2 V/s. The
cell is that with square geometry introduced inptea2. Working and two symmetrical counter
electrodes are Au foils inserted into rigid Tefkupport and pressed by a three holes mask. (see
section 2.4). Working electrode exposed Au disk wfthe approximated diameter of 3 mm.
Potentials are referred to Ag/AgCI electrode.
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As a matter of fact tetrazolate based dye has prawebe more robust in
presence of impurities than Ru(bgy) The NPs was at this point purified by
distillation and a vyellowish highly fluorescent dteon was separated
indicating the presence of oxidation products.
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Figure 38. Light/current/potential curves registededing cyclic voltammetries in aqueous 10
M solutions of the complex: (a) Ru(pyr-tet); (b) Bpy)>" . Potential is swept from 0 V to that
of maximum ECL intensity (+1.35 V). Experimental ditions are identical to that described in
fig. 37 but a quasi reference Ag wire has been eyaal for the sake of simplicity. NPwas
purified for distillation and preserved under Ar.
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The distilled NPs (perfectly clear) was preserved under Ar to avmiitlation

in air. By using this purified NRithe performances of the two complexes has
been again compared: first effect was a genera¢@se of signal of about 10
times respect to previous measurements. In figs3$hown that Ru(pyr-tet)
has a maximum intensity of 14A of photocurrent vs. the 0.8A of the
standard. A relatively slow scan rate of 0.2 V/segsed to minimize emission
intensity decay upon cycles (see fig. 38.a). Thetofathat causes ECL
maximum intensity decrement when scan is repeaethe formation of
filming products at the electrode (see appendixaforoverview of the causes
and possible cleaning methods) which is proportiegmecurrent and thus to
scan rate.
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Figure 39. Light/current/potential curves registegieding cyclic voltammetries in aqueous 10
M solutions of the complex by using a cathodic kirng electrode cleaning. (a) Ru(pyr-tet); (b)
Ru(bpy)®* . Potential is swept from 0 V to maximum ECL irgéy (+1.35 V). and then to -1
V. Experimental conditions are the same descrilpedrévious fig. 38. NRrwas purified for
distillation and preserved under Ar. Potentialsraferred to Ag wire.
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This effect can be easily avoided by insertingthadic cleaning swept (-1 V).
When negative potentials are reached in water mtdechydrogen is
generated at the working electrode detaching tines feventually adsorbed.
This cleaning effect is clearly evidenced in fig@ @here the Ru(bpy)
intensity is increased of 40 times and that ofgyufet) of 16 times. In these
conditions moreover the ECL intensity is constamtrepeated scans and the
max. ECL intensity of the standard is higher thiaat tof Ru(pyr-tet) (40 vs
22,5 pA). The ECL emission maxima for the two complexegswound
identical in water and MeCN solution.

Many complexes whose exhibit a good ECL efficiemtyorganic solvents
show a very weak emission in aqueous air equiloragolutions. In these
experiments has been found that the new complepyRigt) has an ECL
emission intensity similar to the standard alsgiesence of water and air.
The new dye seems to produce less filming prodireia Ru(bpyy* when
NPr; impurities are present. Light emitted at the wogkielectrode is still
clearly visible by eye in a dark room even at adeacentration of 10 M.
The rare properties of this new complex allow &1 tés interaction with DNA
by ECL and fluorescence titration. The new moledsilalso very promising in
the field of ECL labels for immuno-assays.

3.3.
Studies of interaction with DNA of Ru(pyr-tet) and Ru(pyr-tet)Me

3.3.1.
Introduction.

DNA structure

DNA is a high molecular weight polymer of -@oxyribonucleoside-5
monophophaté$ Sequential linkage of the deoxyribonucleosidesurs: via
condensation of the “Bhosphate group with the -@H of the next
deoxyribonucleoside in the chain. Each unit pogseagurine (adenine (A) or
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guanine (G)) or pyrimidine ( thymine (T) or cytosi(C)) at the 1 position of
the deoxyribose ring. The base is attached to tigarsvia the 9-N of the
purine or the 1-N of the pyrimidine. Hydrogen borisween the bases on
two anti-parallel chains results in the familiar,outhle stranded,
complementary base pairing of DNA. Calf thymus DNe nucleic acid used
in this section, is composed of 40 % G-C base paids60 % A-T base paif$s.
The polymer exists as the common B-form helix (1ig.of chapt. 1), in typical
electrolytes which has a repeat unit of 10.5 bases per helical turn (helical
pitch = 34A; i. e., ca. 3.4 per base pair) and a diameter of £6° The
planes of the hydrogen-bonded base pairs are rpumgripendicular to the
major axis of the helix.

Sugar-phosphate backbone Intercalation

\ - /(hydrophobic/coulombic)

Base pairs

Outer coat binding
(coulombic)

\
Groove binding
(hydrophobic,coulombic,
hydrogen bonding)

Figure 40. Scheme of some possible DNA sites efaution suitable for small molecules.

Interactions of small molecules with DNA

The structural features of DNA provide for sevedibtinct types of
interactions with small molecules. The first tw@éyg are simple electrostatic
interactions and coordinative interactions, foareple between DNA and
divalent metal ions such as ZnPB* and CG@'. Electrostatic binding of
cations to the anionic sugar-phosphate backbori@N# or coordination of
these ions to suitable sites involving nitrogengtenbases has been reviewed
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in detail?® Binding of simple metal ions can have profoundeeffof the
structure and function of DNA. The conformation tbe helix, the energy
required to separate the double-stranded form &medability of DNA to
participate in normal biochemical functions can &k affected upon
metallation. For example, Nican produce DNA protein crosslink, which
compromise the fidelity of DNA transcription, ultately resulting in
carcinogenesi¥. A third fundamental interaction is intercalatidnsertion of
small, planar, aromatic species between adjacesd pairs of DNA is usually
accompanied by an electrostatic binding componémt,addiction of a
hydrophobic one for the nonbonding interaction leet the intercalator and
bases. The double helix of B-DNA possesses a larg@r groove and a
shallower, narrower minor groovg,into which various drugs may insert
themselves (groove binding). This fourth major tygke interaction (often
occurring in conjunction with intercalative, elegtatic and hydrogen-
bonding interactions) is illustrated by severaletypof antibiotics and anti-
cancer agents. e. g. actinomycin (intercalationjomgroove bindingf and
netropsin (minor groove bindirg) The fundamental types of interactions are
summarized in fig. 40.

Inorganic complexes interacting with DNA

The existence of small complexes that bind andt r@aspecific sequences or
sites is important to understand how to target DM specificity. These
mechanisms lead not only to novel chemotherapehtitalso to the synthesis
of new molecules reliable for highly sensitive diagtic tools. Stable, inert,
and water-soluble complexes containing spectrosatipiactive metal centers
are extremely valuable as probes of biologicalesyst Intercalators are small
molecules that contain a planar aromatic heterdacyghctionality which can
insert and stack between the base paiFtst series of complexes that were
reported to bind DNA for intercalation were Pt{lanar molecules containing
an aromatic heterocyclic ligaritl.In following years has been found that
increasing the surface area for intercalative stgcky a complex leads to a
substantial increase in binding affinity. As a tesmetallointercalators which
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contain an extended heterocyclic ligand can proeflective tools to probe
nucleic acid$?* By inserting and stacking between the base padtshedral
complexes containing the 9,10-phenanthrenequinofiming (phi) or
dipyridol[3,2-a:2’,3'-c]phenazine (dppz) ligand pided predictable, stable
anchors in the major groove with a known orientatib all the functionalities
on the metal complex established with respedieédXNA duplex. (fig. 41)

/N
N
=N N /
bpy
| =
N _= N\
@
N N
l Z
dppz
phi

Figure 41. Ancillary ligands ( bpy and phen, ndemalating) and a single intercalating ligand
(dppz or phi) need to be present in the same complebtain an effective DNA probe. In the
centre of figure is depicted a molecule of compie&rcalated into DNA major groove.

[Ru(phen)(dppz)f* do not luminesce in aqueous solutions due to bieyaof
water to deactivate the excited state through hgemobonding with the
intercalating ligand&>*4nterestingly, upon introduction of B-form, double-
helical DNA to an aqueous solution, photolumineseeris observed,
reflecting the shielding of the intercalating ligafnom bulk solvent. (fig. 42).
For [Ru(phen)dppz)}* bound to DNA the excited-state lifetime is
approximately 200 ns, whereas free in aqueousisolig only 200 pg® This
light switch effect is quite remarkable and progidbe basis for a valuable
photophysical probe of nucleic acids. [Ru(ph@HEHAT)[** is also a light
switch but displayed a lower quantum efficiencyr@ase when bound to DNA
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respect to [Ru(phes(dppz)f* ** Some Ru complexes show decreased
luminescence bound to DNA as a result of electransfer quenching, the
majority showed no increase or only a slight inseedal'he photophysics and
photochemistry of many Ru and Os complexes in pasef DNA has been
the subject of a recent reviéf.

Rulbpy)2(dponi3+ (10uM] +
poly dIGC)

}

Rulbwlztdpm’* E :m’ ”
by ‘m T
Q0

500 ]

mission Units

E

Wavelength (nm)
Figure 42. Steady-state emission spectra of Rugippzf* (10 pM) in the absence and
presence of B-form double-helical nucleic acidse#ith case in the absence of polynucleotide,
only the base-line spectrum, the same level of @onsas detected with pure solvent, is
obtained for the ruthenium complex in 50 mM NaCl/®! fris, pH 7.0, at 25 °C.

The emission intensity of the ruthenium(ll) commex is modified

considerably on increasing the DNA concentration tire medium, as
illustrated in the case of Ru(bpflAP)s.2" in fig 43. Interestingly, two types
of behaviour are observed for these series: ifcthraplex contains less than
two oxidizing TAP ligands, the emission increasegshwncreasing DNA

concentration, whereas if the complex contains dwthree TAP the emission
is quenched indicating that the most oxidizing ctaxes in the excited state
are quenched by DNA. In the case of luminescendearecement, the
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complexes are protected by the DNA double helixcdntrast for complexes
containing at least twa-acceptor ligands th8LCT states are quenched by
the nucleobases.

Rel. Emission Inlensity

Figure 43. Effect of increasing ratio of DNA (P/Dnzicleotide phosphate conc./ [Ru]) in the
emission intensity of the complexes at constantentration for Ru(bpyJTAP)s..2*, n= 0, 1,
2, 3.

The systematic introduction of variations into dppligand on
[Ru(phen)(dppz)f* did not lead to improvements in sensitivity to egus
guenching of luminescence so that new compoundsotane accurately
described as “light switch”. Replacement of thdnemium with osmium as the
central metal ion causes the luminescence obsefgedRu(ll) with a
maximum of 620 nm to red-shift to 738 rfhiThis compound can be used as a
red-emitting luminescent reporter of DNA preser@o(phen)(dppz)f* has
also been synthesized . This analogue binds to BN high affinity and is
able to cleave DNA when photoirradiat®d.Finally [Re(CO)py)- (dppz)[
has been proven to have the same light switch tefecomplex containing
Ru(I1).*® This complex is capable of tightly bind calf thysnDNA and when
irradiated to cause DNA damad®.In the following sections the interaction
with DNA of Ru(pyr-tet) and Ru(pyr-tet)Me has betsted trying different
experimental techniques. The interesting new featdrthe tetrazolate based
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ligands is the presence of unreacted lone pairalifed in a negatively
charged heterocyclic ring which behaviour in preseof DNA has previously
never been investigated.

3.3.2
Cyclic voltammetric titration of DNA.

The use of electrochemical investigations to stoyallointercalation agents
in presence of double strand DNA allowed to providrmations about
interactions with both the reduced and oxidisednhfoff the metaf® In fig. 44
is shown as an example the cyclic voltammetry ofpBien)** in presence and
in absence of an excess of calf thymus DNA. Thesgee of nucleic acid
causes the peak currents of the CV waves of owidatind reduction to
diminish considerably.

-
500 nA

S

0.4

E/ V vs. SCE

Figure 44. Cyclic voltammograms of 401 Co(phen)*'in the (A) absence and (B) presence of
5.0 mM nucleotide phosphate (NP). Scan rate, 100smSupporting electrolyte: 50 mM
NaC1/5 mM Tris pH 7.1. [Adapted from ref. 45].

Additionally, the peak potentials,Eand E, both shifted to more positive
values. In the following fig. 45 is shown that bgiding a non interacting
complex (Mo(CN}*) his oxidation potential and electrical currentd dot

changed after DNA addiction. This second experimsimbwed that the
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decrease of,i for the complex Co(phesi) is not due to an increase of solution
viscosity but to the binding with the large andwvélny diffusing DNA
molecule.

E/ V ve. SCE

Figure 45. Cyclic voltammetry of a mixture of Co(phgh)redox couple A, 1.1xIHM) and
Mo(CN)s*(redox couple B, 1.1x1DM), in the absence (solid curve) and the presédashed
curve) of 5.45 mM NP. Sweep rate, 100 mV/s. Sciratad at +0.30 V vs SCE. [adapted from
ref. 45].

If We define R= [NP]/[Ru] where [NP] is the molar nucleotide ppbate
concentration the total curreptt any R is:

i=B[Df"CrtDy *Cy)

where B= 2.69 x 10n*?Av*? for CV of a Nerstian wave at 25 ° C, &
related to the total metal added,governed by binding of chelate by DNA by

Co={b - (K- 2KZC{NP]/ng)*3/2K
b=1 + KG + K[NP]/2ns
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where K is the intrinsic binding costang is the number of pairs required to
bind a molecule of complex. (Binding site). This dub is valid for
noncooperative, non-specific binding and a singkerdte binding site for
each complex molecule . A similar treatment carubed to deal with more
complicated situations. (Mc Ghee Von Hippel motie§) regression analysis
of the electrochemical data by using this modeldyier Co(pheny** : K= 5.8

x 10°, n= 6.7, D/D,= 40. It's important to notice the great decremefht
diffusion coefficient that follows interaction witBNA. By considering this
effect the contribution of the bound fraction canusually neglected whenis
calculated.

The cyclic voltammetry was not practically usaldestudy interactions with
DNA of Ru(pyr-tet) and Ru(pyr-tet)Me because of tiedatively low water
solubility (~10* M) that prevented from the clear observation ofy an
electrochemical process of the complex. The uderdifitial scan techniques,
introduced to shut down the disturbing high capaeitand background
currents, did not improved significantly the sitoat A similar behaviour has
been found for Ru(bpyy".

3.3.3

Fluorimetric DNA titration.

Fluorescence emission has been successfully used,the early stages, to
study the interaction with DNA of many organomeétatomplexes? The
simplicity of sample preparation and the signalrodpcibility permits to
easily obtain titration curves reporting fluoresoerintensity in function of R
as already shown in fig. 43.

DNA solution preparation

A 0.1 M phosphate buffer solution (PBS) was fystpared using equimolar
guantities of NgHPO, and KHPQO, in millipore water. The pH was adjusted to
7.5 using concentratedsPiO; or NaOH 3 M. 10 mL of Calf thymus DNA

solution (from Sigma Aldrich, pellets) of the apyiroate concentration of 1
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mg/mL was prepared in PBS. Previously described Bidition was gently
inverted for 12 h using a rotating mixer (FALC MdeR05) maintaining the
approximate temperature of 5 °C. The following tlas strands not dissolved
were praised or mechanically eliminated by tweezersrder to obtain an
homogeneous solution. A sample of the solution ailaged of 30 times with
PBS and the absorbance spectra was registered tihtes to ensure his
homogeneity.

The nucleotide phosphate [NP] concentration wa®rdehated using the
Beer's law dividing the absorbance intensity registl at 260 nm by the
assumedt,g = 6600 Lecniemol™.*” Another interesting parameter to check
the quality of DNA sample is the ratio AgAbsgs=r. If r is higher than 1.7
the grade of contamination with proteins is consdeacceptable. In the DNA
solution used for PL and ECL titration experiments found that [NP] = 1.3
mM and r = 1.85.

Sample preparation and titration curves

50 uM solutions of Ru(pyr-tet) and Ru(pyr-tet)Me wenepared in the same
buffer used previously for DNA. Different amount DNA were then added
by obtaining six different solutions with R= 1, H), 30 and 80. At the same
time six equivalent DNA solutions were prepared PBS 0.1 M/pH 7.5
buffer with R= 0, 1, 5, 10, 30, 80 in absence ofd@mplexes. These solutions
have been ran first using 468 nm as exciting wangghe (Ru(pyr-tet) MLCT
maxima). The fact that no difference was deteatedackground emission
intensity by varying R was a proof that scatteriwgs not significantly
affected by viscosity increasing DNA concentratidhe titration fluorescence
curves obtained for the complexes Ru(pyr-tet) an(pbiR-tet)Me are reported
in fig. 46. I(R)/1(0) is the ratio between fluoresce max. intensity at a certain
R and max. intensity in absence of DNA. The val(R)/I(0) has been
normalized on Ru concentration considering thaicBoplex is diluted from
added DNA solution. The linearity of fluorescerniotensity vs. [Ru] as been
assumed considering the low concentration conditairihe experiments.
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The titrations curves reported in fig. 46 have bebktained by mediating the
results of three different independent tests famhesomplex. By considering
that standard deviation of I(R)/I(0) is of + 0.1® fRu(pyr-tet) and of + 0.37
for Ru(pyr-tet)Me one can easily conclude thateherin fact no fluorescence
intensity dependence on DNA concentration. In thsecof Ru(pyr-tet)Me a
small effect similar to that observed for Ru(kp¥)fig. 43) seems however to
be present.

1.6 —

I(R)/1(0)

1.2

0.8
\ \ \ \ \
0 20 40 60 80

R
Figure 46. Fluorescence DNA titration of a pM solution of Ru(pyr-tet) (red line) and
Ru(pyr-tet)Me (black line). Experiments were perfechin PBS 0.1 M/pH 7.5.

As expected from tetrazolate based ligands comptatture an efficient
intercalation into DNA base pairs was not evidenfrech titration curves. A
weak electrostatic interaction with the DNA sugackbone could be although
present. It's important to remember moreover tratescussed above the
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majority of the complexes interacting with DNA show sensible change of
fluorescence intensity in his presence. (sectl13.3.

3.34

ECL DNA titration.

DNA titration by using ECL signal is more compliedtthan correspondent
fluorescence experiments. Some delicate questiors tlle ECL signal
reproducibility and the accurate standardization edéctrodes cleaning
procedure. ECL DNA titration of Tris(1,10-phenarmtime)ruthenium(ll)
and of Tris(2,2’-bipyridine)osmium(ll) have beesported by Bard and co-
workers by using IGEN commercial ORIGEN analyZ&t, the flow cell
system introduced in fig. 11 of chapter 1. From EGlation curves
analogously to voltammetric approach binding camstaand binding size
can be normally calculated by regression analysiisguthe classical McGhee
and von Hippel modéf. If C, is total concentration of emitting speci€s,the
concentration bound to DNA artg} the free one it's clear th&=C,+C; and
X,=Cy/C; . Under the assumption that only free metal comglentribute to
ECL can be written that:

II(R) = |:\)C*K[1—2ns(>(b/R)]>{ _1—2ni(Xb/R) }_ +1}
© | 2 1-2(n,~1)(X,/R)

which is exactly the equation to be regressedi e values oK andns .

Sample preparation and experimental conditions

Electrochemical cell employed was the previouslgcti®ed square geometry
cell (fig. 17 chapt. 2 ) . Working electrode was An foil disc of the
approximate diameter of 3 mm. The two counter ebelets, positioned
symmetrically on the left and right side of worgielectrode were two Au
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discs of 2 mm diameter. The reference electrodeamna&g/AgCl electrode. A
photomultiplier tube, biased at 750 V and placedramt of cell, completely
including emitting electrode surface was used ght lidetector. For ECL
measurements 5 sets of freshly prepared solutiathsRe O, 1, 5, 30 and 80
were used for Ru(pyr-tet) and Ru(pyr-tet)Me. Thenposition of solutions
was exactly the same of those employed in previlowsescence experiments
except for the presence of 3A® NPr, added in the base solution (R=0).
The switching method was cyclic voltammetry. Afgelchronoamperometric
step of 1 minute at — 1.0 V vs Ag/AgCI cyclic vattemetry was performed at
0.2 V/s from O V to + 1.0 V. The maximum ECL intépsletected was taken
as signal and mediated over 5 independent idergizaples. The CA step was
necessary to clean carefully the electrode frommeesa films prior to run the
measurement. Other conditions are substantiallyetlodtained during Ru(pyr-
tet) ECL optimization experiments described in s8&.4.

X

0.9 —

I(R)/1(0)

0.7 —

\ \ \ \
0 20 40 60 80
R

Figure 47. ECL Normalized titration curve of Ru(pgt}Me (50uM) with calf thymus DNA.
Plotted signal is the ECL maximum intensity mediataed independent samples. Experiment is
performed after a preliminary cathodic workingotiede cleaning (-1 V vs. Ag/AgCl) by
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oxidising in presence of NPBx10% M (max potential + 1.0 V). Scan rate: 0.2 V/s. Soing
electrolyte: PBS 0.1 M at pH 7.5.

After each run the cell and the electrodes werefally washed with acetone,
sonicated for one minute in Millipore water, washaghin with water and
acetone and carefully dried prior to the introdoretof next sample.

Preliminary results and discussion

The calf thymus DNA titration curves of Ru(pyr-tdg and Ru(pyr-tet) are
reported respectively in figures 47 and 48. The)/I(®) value has been
normalized on [Ru] as was made for fluorescenceerixents to take in
account the progressive dilution of the complexifgreasing R. It's also
important to notice that the ratio [NJFfRu] is constant respect to R with a
large excess of the ammine. In the case of Rugiyde (fig. 47) I(R)/1(0)
decreases when DNA concentration increases. Thiaviomur is that observed
for Tris(1,10-phenanthroline)ruthenium(ll) and of ris(2,2'-
bipyridine)osmium(l1Y'"*® but in the present case the data cannot be ssgtes
by the classical McGhee and von Hippel model disedsabove. The decrease
of ECL intensity is related to the drift of the cplex diffusion coefficient
when is in associated form (see 3.3.1). The comflerd to DNA is
practically no more generating ECL because caneatcir the electrode
surface. The Ru(pyr-tet) behaviour on the othedharcompletely unexpected
showing an I(R)/I(0) almost linearly proportionad R . Considering that
Ru(pyr-tet) fluorescence intensity has not eviddragy increment in presence
of DNA this complex would be in contrast with prewsly published
complexes. The drift of diffusion coefficient canrime compensated in this
case by quantum efficiency increase and for thigsoe is completely
incompatible also with McGhee and von Hippel modsi.watching the error
bars in titration curve of Ru(pyr-tet) however Iévident that the standard
deviation ¢ of I(R)/I(0) is increasing with R. Consideringathl(R)/I(0)-
I(R+1)/1(0) is often lower than 0&one can be statistically confident at 50 %
that ECL increase is real but there is the 50 %robability that ECL is
constant respect to R and what is observed is @lsimariation inside
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population. For those reasons ECL titration experits need to be repeated
by trying to solve reproducibility problems. Preiimary data indicated
however a substantially different behaviour in Rufiet) and Ru(pyr-tet)Me
that could be caused by the residual reactivitiRofpyr-tet). This aspect will
be object of future investigations by the new floall system that has been
thought as an improvement tool of ECL titrations.

I(R)/(0)

T T T T
0 20 40 60 80
R
Figure 48. ECL normalized titration curve of Ru(pgtit(50uM) with calf thymus DNA.

Experimental conditions are identical to those jmesly described in fig. 47.

157



———— New materials based on Ru

Appendix lllI: filming reactions and electrode clearing techniques.

If We consider a typical system where ECL is geteerdby simultaneous oxidation of
a Ru(ll) complex and NRthe following processes have to be taken in adcoun

Oxidations at working electrode

1a)Ru(ll) - e — Ru(lll)
1b) NPr3 - €— NPI’3'+

Collateral reaction of generated species

2a)Ru(lln 4 NPr; impurities — Filming products
2b) Ru(lll) 4 H,O — Filming products

Excited species generation and light emission

3)Ru(lll) + NPrz* — Ru(ll)*

4) Ru(ll)* — Ru(ll) + light
(Step governed by fluorescence quantum efficiency)

la), 1b), 3) and 4) are very fast electron trasséerd radicalic reactions. 2a) and 2b)
are slow and can cause discrepancies between PE@hcfficiency by reducing the
amount of Ru(lll) in 3). The use of pure NRs fundamental to avoid absorption
layers at working electrode. Negative secondargoefbf adsorption films are: (i)
decrease of working electrode oxidizing surface tatal charge injected; (ii) decrease
of emitting surface and consequently of total &editight .

The film adsorbed on electrode surface can be Bohmnot soluble. In the first case a
time t is necessary to diffuse away and the seagreféects are time limited causing
also a longer ECL response time. In this caseisolstirring could help to shorten the
film diffusion time. If produced film are not soligthey need to be removed. Some
possible methods are:
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- Cathodic H bubbling by applying negative potentials to aquesaiutions.

- Use of rotating disk electrode where diffusiogdais continuously renewed and
solution stirred.

- Use of UME (ultra micro electrodes) where wifiherical diffusion steady state is
reached faster than in “macro” electrodes .

- Mechanical film removal by alumina, diamond pasteonication.
- Washing with acid and basic solutions.
The formation of filming products can alter obsetvelative ECL efficiency between

complexes especially if adsorbed layer is formeth wifferent equilibrium constants
and kinetics.
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Chapter four: new materials based on Ir

Melius est dare quam aeoip

Recently it was found that, among many possiblealtigiand combinations,

orthometalated iridium(lll) complexéshown an interesting combination of
photophysical and electrochemical properties, whitlakes them very

promising materials for the electricity-to-light rogersion in the ECL

reactions’®

In this chapter the results of ECL and electroclaitharacterization of new
and already poublished orthometalated iridium(dmplexes is introduced
and discussed. Differently to the chapter 3 new Bodlogna instrument has
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been used in ECL measurements. The only exceptairfpglacac that was
instead ran with A. J. Bard experimental setup usti.

4.1
Reference ECL emitting Ir(Ill) complexes

4.1.1

Ir(bpy) 5°

Ir(bpy)s®* (fig.1) is a ionic complex first synthesized ab@@ years agd:®
Electrochemistr{f, photophysical properties and spectroelectrocheyrtigve
been already thoroughly investigated and repdft&dTo the best of our
knowledge however ECL investigations have not Hdiplied; considering the
high fluorescence efficiency (max. wavelength 51f) rand the expected
water solubility, the complex appeared to us asomjsing blu shifted ECL
label.

— — 3+

Figure 1. Structure of Ir(bpyY. The compound was provided by Cyanagen s.r |.cisaaide
salt.

Electrochemistry
Cyclic voltammetric curve obtained in ultra pure G is shown in fig. 2;
the corresponding half wave potentials are sumredrin table 1. The cyclic
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voltammetry registered before ECL experiments (Me@ purified) was
very similar to that of fig 2. Only the first threeduction processes and Ir(lll)
centred irreversible oxidation were visible becatise presence of water
impurities in media reduced the solvent useful pidé window.

T
400uf I
|

| ! i ! !
=18 =2

E/V

Figure 2. Cyclic voltammogram of 4 x 20V MeCN solution of Ir(bpy)**; scan rate: 9 V/s.
Supporting electrolyte: 0.1 tetraethylammonium p&nate. Potentials are referred to SCE.
[Adapted from ref. 11]

1 Oxidation

| reduction

Il reduction

Il reduction

IV reduction

V reduction

VI reduction

+2.124 V

-0.829 VvV

-0.998 V

-1.224V

-1.843V

-2.097

-2.371V

(irrev)

Table 1: B, of reductive and oxidative processes of Ir(flyys SCE calculated at a scanrate
of 100 V/s. [From ref. 11]

Photoluminescence and absorbance

By using the MLCT band around 370 nm (fig. 3) asitixg wavelength an
intense emission spectra has been collected fro@Nviolutions. (fig. 4) The
relative fluorescence efficiency respect to Ru(ky$ about 90 %. Maximum
emission wavelength is in the green region (510 asnpreviously reported in
literature for similar compound8 Moreover an emission shoulder around 600
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nm is visible in the spectra. Emission intensitgndi change sensibly in
presence and absence of air. The emission spesgiatared in aqueous
solution is very similar to that in MeCN. The sdlitp in aqueous media is
however much lower than that in organic solvents.

ECL emission and potential switch effect.

As expected from first oxidation irreversibility lgna weak fast disappearing
emission was produced by anion-cation direct afatibh. The oxidation in
presence of the coreactant BIRr MeCN solutions resulted instead in a bright
ECL emission well visible by eye also in a lit rooffig. 5).

2 — . Wavelength /nm

0
I I

200 400 600 800
Wavelength / nm

Figure 3. Absorbance spectra of a®1® Ir(bpy)sCl; aqueous solution. MLCT and ILCT
regions are not clearly separated as reportedirfiitas species® There is no substantial shift
on absorbance wavelengths by using MeCN as soli#mpieriments have been ran by using a
10 mm standard quartz cuvette.

Unexpectedly the ECL emission maxima (613 nm) w&y close to that of
Ru(bpy)?*. The populated state is probably that correspanttirthe shoulder
(600 nm) previously observed on fluorescence whvels very close to this
wavelength. Interesting then if first oxidation &fbpy)s;Cls is included

(oxidative step potential > 2.2 V vs Ag) a cleaowlder around 500 nm
appears in ECL emission spectra. (fig. 5) Thislmamxplained by considering
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in presence of

NPrs:

TPrA- e- TPrA™
TPrA ™ TPrA™ + H*
Ir(opy)s3*+TPrA Ir(bpy)s2** + waste

TPIA" + Ir(bpy)s®™* ——~ TPrA + Ir(bpy)®™

excited state is generated by oxidation of rachcabn !

TPrA- e- TPIA™
TPIA™ TPrA" + H*
Ir(bpy)s®*- e- Ir(bpy)s***

TPrA™ + Ir(bpy)s*™

waste + Ir(bpy)>***

excited state is generated by reduction of radiatibn !

E Inbpy)®** > E Ir(bpy)s®**

One can then reasonably suppose that two diffeextited states are
generated by varying potential. Considering thaoréscence spectra of
Ir(bpy)s®* has two different emission maxima in the case ehegated
Ir(bpy)s®* only the lower state is populated whereas whéapy®*” is
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200 —

100 —

Fluorescence intensity (A.U)

I I I
500 600 700
Wavelength (nm)

Figure 4. Fluorescence spectra of an Ar degasséd/1®(bpy)sCl; MeCN solution. Exciting
wavelength was of 400 nm. Maximum is at 510 nm &ighoulder around 600 nm.

produced both emission are present in ECL spe@ina. could also think that
dual emission is due to the presence of an emiitimgurity with a lower
oxidation potential respect to Ir(bpy) Respect to Ru(ll) complexes where
normally MLCT and IL (interligand) transitions armdearly energetically
separated in the case of Ir(lll) complexes theys$eto be much closer and
frequently not distinguishable one another. As egugnce the presence of
multiple peaks and shoulders in the visible regibriluorescence spectra is
common®'® | The presence of impurities of more spontaneotmsigned
Ir(bpy).X complexes would not change significantly the pttd of first
oxidation (around +2.3-2.5 V vs SCE) or emissioactf@ maxima ( similarly
close to 500 nm°** Moreover, by observing the voltammetry of oumpte

of Ir(bpy)** no clear oxidative processes are visible beforeach his proper
irreversible process. Considering these aspectgtbsence of a “potential
switch effect” on 500 nm ECL emission is highly pable.

In water ECL emission in presence of BlRompletely disappeared. The
aqueous media is often sufficient to quench almosmpletely the
fluorescence of many compounds.
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500000

0.1 sec alternated impulses at:

oOvV,+25V
oVv,+24V
ov,+18V

400000 —]

300000 —

200000 —

ECL intensity (A. U.)
|

100000 —

500 600 700
Wavelength (nm)

Figure 5. ECL emission spectra of Ir(bg& 10° M MeCN solution by varying the potential of
oxidative step. Supporting electrolyte: 0.1 M TBAPFSwitching method: CA; conditions are
specified in the figure inset. ECL mechanism: oxifatin presence of 3x1OM NPr. PMT
voltage: 1000 V. ITime: 4 s. Monochr. step: 0.5 mutentials are vs. Ag wire.

By considering however that in this case fluoreseeis still present a
different quenching mechanism needs to be invoRedossible cause could
be the addition of water to the complex coordimasphere during carbocation
electrochemical generation. Maybe the presencédlofide anions could also
produce some negative effect. Further investigation aqueous media are
however necessary to thoroughly understand the letenglisappearance of
ECL signal.
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Figure 6. Structure of Ir(pggcac. The neutral compound was provided by Cyansgén

4.1.2

Ir(pq) .acac

Recently, already existing organometallic materiaded in OLED (organic
light emitting devices) such as Al§ and cyclometalated Ir(Ill)
complexed®®’have been studied as new ECL reagents. Since theiseials
have high PL efficiencies compared to the low Plicafficy of Ru-(bpyf*
(®p = 0.042), some ECL studies on annihilations of-sadlical and cross-
radical ions have been carried &¢f. The attention on Ir(pgdcac was
attracted from a recent paper claiming that the E@énsity was 77 times
higher than that of Ru(bpy) in MeCN/NPg conditions’®> An aspect unclear
in this article was the big mismatching betweeatre¢ fluorescence (2.5) and
ECL (77) quantum efficiency. An unexpected choi@swhen the use of NPr
in MeCN instead of water if the testing was finatizo the use of the dye as a
bio-sensor. For these reasons the compound hasspethesised according to
the literature procedufeand ECL and fluorescence tests have been repeated.

Electrochemistry
By operating in high vacuum conditions (see ch@pappendix for further

details) cyclic voltammetric curves have been tegexl using ultra dry
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tetrahydrofurane (THF) as solvent. The results aéctrochemical

investigations are reported in fig. 7 and the apomding half wave potentials
are summarized in table 2. At low temperature (63-°C) a single reversible
oxidation wave (marked as 1) and two reversiblaucgdn processes (I, 1)
were evidenced (fig. 7.a). If the scan is repeaedoom temperature by
cycling potential around second reduction his phitreversibility is clearly

observed in the progressive decrease of re-oxidatiave (inset fig. 7.a). A
similar partial irreversibility is present at root@mperature in the oxidation
process. The voltammetric curve reported in fig &vidences the following
reductive processes marked as Ill and IV . Thes&9ptalls close to the limit
of solvent discharge and are not clearly definiteédr this reasons for the
reduction processes marked as Ill and IV the msdaty,, has not been
calculated.

1 Oxidation | reduction Il reduction
+0.98 V - 177V -194 VvV
(partially (partially

irreversible) irreversible)

Table 2: B, of reductive and oxidative processes of Irgfapac) vs SCE calculated at a
scanrate of 1 V/s. T= 25 °C.

If cyclic voltammetry is performed at room temperat using bottle quality
MeCN as solvent (e. g. the conditions used in dtlewing ECL experiments)
a reversible reductive process and an oxidative isrsill present; the
values are very close to those reported in talBy2repeating the scan the
oxidation process becomes progressively irrevarstbe cause is the probable
formation of filming products on electrode surface.

Fluorescence and absorbance

The absorbance spectra of Ir(gfgrac) registered in MeCN is reported in fig.
8. MLCT region has a complicated structure of peakdappens with many
Ir(111) based dyes?
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<
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= ] n+1v?
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E/V

Figure 7. Voltammetric curves of 5xfOM THF solutions of Ir(pg(acac). Supporting
electrolyte: 0.1 M TBAPE Working electrode: Pt 50m UME. (a) T= - 60 °C, scanrate: 1 V/s
. (b) (and (a) inset) T= 25 °C, scanrate: 1 VV/seRtls are referred to SCE.
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By using the higher intensity MLCT band as excitimgvelength the emission
properties of Ru(bpy}” and Ir(pg)(acac) have been carefully compared. (fig.
9). If the fluorescence measurement is performed\rindegassed cell the
relative PL fluorescence efficiency of Ir complexd.37 times higher that of
Ru(bpy)?*. This is in excellent agreement with the receptiplished value of
2.38™ If however experiment is repeated in air equilibdacell the relative
fluorescence is close to 1 (0.96).

0.6

0.4 —

Abs
|

0.2 —

0
\ \

200 400 600 800
Wavelength (nm)

Figure 8. Absorbance spectra of &M Ir(pg),acac MeCN solution.

This as a matter of fact demonstrates that thel(@cac) complex (1/10 of
initial intensity) is more sensitive to oxygen qakimg than Ru(bpyf'
(reduction to ¥4 of initial intensity).

ECL comparison
To verify the relative ECL intensity of Ir(pgcac) and Ru(bpy) two
identical 10° M MeCN solutions were prepared with an excess P KBx10?
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M). All the comparison experiments were ran in gguare geometry cell
discussed in section 2.4 to improve reproducibilityro confirm the results
different types of investigations were performed.the first series (fig. 10)
light/current/potential curves have been register@daring slow cyclic
voltammetries (scan rate = 0.5 V/s). In the seceeries the ECL emission
spectra was collected accumulating simultaneouBlyvavelength during
chronoamperometric oxidative impulses. (fig. 11)
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IMPQLACAC Ar deg
IHPOLACAL Air eg
————— Rulbpy); Ar deg

----- Rulbpy); Air eg

16000000 —

12000000 —|

8000000 —

Fluorescence intensity (A.U.)

4000000 —

500 550 700 780

BO0 B850
Wavelength (nm)
Figure 9. Fluorescence spectra of > M Ir(pg),acac and Ru(bpy)* MeCN solutions. Exciting
wavelength was 430 nm for Ir(p@rac and 460 nm for Ru(bg$) . Experiment were ran in
either Ar degassed (Legend: Ar deg) and air eqaildd (Legend: Air eq) cell to compare the
relative oxygen sensitivity.

From the light/current curves reported in fig. Hhde easily calculated that
the maximum ECL intensity of Ir(pg(acac) is 2.17 times that of Ru(bg)
This value is very close to the relative fluoreseeefficiency. The maximum
potential applied was that necessary to oxidize ¢benplex and NRr
Considering that £ 0x Of Ir(pgk(acac) is +0.98 V vs SCE and that of
Ru(bpy)®* +1.20 V/® the first emits at a lower applied potential Hétcurves
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Figure 10. Comparison of the light/current/potentiaive of Ru(bpyf'(a) and Ir(pg)acac)
(b). ECL was generated from 301 MeCN solutions in presence of 3xA® NPr;. Supporting
electrolyte: 0.1 M TBAPE Switching method: cyclic voltammetry. Scanrated ¥/s. ECL
signal was registered by applying 750 V to a PMTBitimned in front of emitting electrode.
Potentials are referred to Ag wire.

10.a and 10.b are compared It's clear that thevérsible peak of NRr
oxidation is in the same position. This process lba assumed as an internal
standard. (~ +0.9 V vs SCE). During these expeartmiight was emitted only
when NPg and the complex radical cation were simultaneoystyduced.
Consequently ECL emission peak was very close ta; MRidation for
Ir(pg).acac because his | Ox. potential is practicallycigient with that of the
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Figure 11. Comparison of ECL spectra of Ru(bfyand Ir(pg)(acac). Emission was collected
from 10° M MeCN solutions in presence of 3x40M NPr. Supporting electrolyte: 0.1 M
TBAPF. Switching method: chronoamperometry. Potentiagpam: a single 0.1 s impulse at
+1.6 V vs. Ag. CCD accumulation time: 0.3 s. *A new CCD has been ugktton Research
Mod. SPEC-10 ). The sensitivity was about 5 times ¢fizhe old one already described in sect.
2.2.

ammine. Ru(bpyf® emitted instead at an higher potential (+0.34 \ijhw
respect to NRroxidation peak. The higher ECL efficiency of Irngplex was
confirmed by comparing the single impulse emissipectra. (fig. 11)
Maximum ECL intensity of Ir dye is 2.64 times thaft Ru(bpy)’*. If ECI
signal is integrated on wavelengths the total ligimitted by Ir(pg)acac) is
more than 3 times that of Ru dye. We can thus colecl ECL emitting
intensity of Ir(pg)(acac) is 2.5 times that of Ru(bgi)a value as expected
very close to that of relative fluorescence efficig This value is completely
different from that of 77 measured in the referemaper! The mission
maxima were practically coincident for the two cdex@s. Emaxruopy)3=621
NM; Amax, ir(pg)2(acacy 618 NM)
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ECL by annihilation

An attempt was made to generate ECL by cation-adigett annihilation in
Ar degassed MeCN/TBARFsolution. Initially the emission was intense
enough to be seen by eye. After few cycles the sams completely
disappeared and at the same time | Ox process ketagversible in CV.
Using the same bottle quality Ar degassed solvamfaining thus the same
amount of water impurities, Ru(bp§)) produced a very intense and time
stable emission. This behaviour seem to confirnntpkn account previous
fluorescence results that Ir(pfgcac) is sensitive to nd water quenching.
Another possible explanation is the relatively dapormation of filming
products at the working electrode during oxidatisee electrochemical
characterization) that is avoided in presence ef fidst radicalic reactions
promoted by NPy

Water solubility

Ir(pg).(acac) is completely insoluble in water. Sonicatiamnealing , pH
change to acid and basic values did not preverieeddmplete crystallization
and the absence absorbance bands. This behawisily, gredictable from the
absence of charge in the molecule, unrewardingtefrésting photophysical
and ECL properties is not consistent with the sBIEA or proteins labelling
agent. There are however many different possiblategiies to solve the
solubility problem such as: introduction of peripidepolar groups into the
ligands, use as dopant into nanoparticles, syrghedi nanocrystals
suspension with surfactants, etc.
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4.2
Ir(111) tetrazolate based complexes

4.2.1

Structures

The compounds investigated in this section are mamal dinuclear Ir(lll)
complexes containing mixed tetrazolate and polgigiri ligands. The Ir(lll)
and previously discussed Ru(ll) complexes contgitétrazolate moiety have
been synthesised by A. Palazzi's group in the Bwofaculty of industrial
chemistry. The relative chemical structures an@maans are reported in the
following figure 12. The complexes Ir(pyz-tet)(dyr-tet)Br and and §2,3-
btp) contains the negatively charged ligands: teggzol-5-yl)-pyrazine (
charge= -1), 2-(tetrazol-5-yl),5-Br-pyridine (-Bs(phenyl)-pyridine (-1) and
bis-2,3-(tetrazol-5-yl)-pyrazine (-2) . The pos#ticharge of the central metal
atom (+3) is completely neutralized in each complag consequence all
compounds are soluble in organic solvents such asCMW and
dichloromethane (DCM) but completely insoluble iater as Ir(pg)acac).

4.2.2
Electrochemistry: results and discussion

Electrochemical investigations on mono- and dinarclg(lll) complexes have
been performed in different experimental conditions the following
paragraphs the results are reported.

Ir(pyr-tet)Br

Electrochemical behaviour of Ir(pyr-tet)Br is shown fig. 13. The
voltammetric curve of the first two reduction preses at room temperature,
shows monoelectronic electron transfers. Firstggeas completely
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Figure 12. Structure and acronyms of the Ir(llljndexes investigated in this section.

irreversible with a cathodic peak potential of 74LV vs. SCE and the second
can be considered as reversible. By analyzingamuottetric curve the
irreversibility of the first process appears to bk the same time of
electrochemical and chemical nature. To understdrmtoughly electron
transfer processes simulation has been performied.sbftware employed |,
called Antigona, has been developed in our labDby Loic Mottier to
simulate voltammetric experiments. The equationglvgovern the diffusion
to the electrode and kinetic processes are solvéahiction of the parameters
of experimental curve. By a best fitting procedsiraulated and real data is
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Figure 13. Voltammetric curves of a Ir(pyr-tet)BmM THF solution. Supporting electrolyte:
80 mM TBAPF . Working electrode: 1@m Pt disk. T= 25 °C. Scanrate: 10 V/s.

compared to determine electron transfer constaahdard potential of the
irreversible processes and the kinetic constantghef chemical process
coupled with redox processes. In the figure l4sthmulated CV (red curve) is
in good agreement with experimental one (black &€urv
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Figure 14. Cyclic voltammetric curves of a 1 mM in(jiet)Br THF solution. Experimental
conditions are identical to those reported in fi§. Experimental curve on the left is compared

with simulated one on the right.
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Simulation has been ran under the assumption lieatmechanism is of ECE
(electrochemical-chemical-electrochemical) types@sematized below. When
the complex is reduced a chemical reaction willofwl from the electro-
generated species. The final product of this cheifiallow up is himself
reduced. In the following kinetic scheme A indicatle initial species (i. e.
Ir(pyr-tet)Br) and B the reaction product obtairiemn A’

0
A+e ERed.A A-

Kt

A a B
EgedB
B+e——B

As discussed previously for Ru(ll) complexes bethg nature of ligands
heteroaromatics the reductions are normally loedlizon ligands and
oxidations on metallic centres. By taking as refiee the behaviour of similar
species, first reduction is expected to be locdlina the (pyr-tet)Br ligand
where the presence of the bromine makes the LUMgggriower. Many old
dated papers report that the electrochemical remtuof halogenated aromatic
compounds often results in the halogen extractibithvis released in solution
in his anionic form. In the present case is hightgbable that the reaction
coupled with first reduction is the Bextraction and that B in the above
scheme is the complex Ir(pyr-tet). The potentiateduction of Ir(pyr-tet) is
more negative than that of halogenated analogughsosecond process
observed in CV (fig. 13) could be the reversiblelugion of B . From
simulation the first reduction process resultedaaslow electron transfer
(kn=0.1 cm/s ando=0.3). The chemical follow up has been found tdfdst
and irreversible (k>K,). By extending the voltammetric scansion to more
negative potentials (fig. 15) two further mono-édenic processes are
evidenced probably localized in the phenyl-pyradiligands. Regarding
oxidation a mono-electronic process can be notedrat +1.38 V not far
from solvent discharge. In this case the processldhbe attributed to Ir but
considering the polypyridinic nature of the liganifs also probable that
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oxidation involves a HOMO with a partial contribani of the (pyr-tet) ligand
as was found by DFT calculations for Ru(ll) anale@omplexes. (see section
3.1.1)
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Figure 15. Voltammetric curves of a Ir(pyr-tet)BimM THF solution. Supporting electrolyte:
80 mM TBAPF . Working electrode: 1@m Pt disk. T= 25 °C. Scanrate: 50 V/s.

The simulation of voltammetric curve extended tb ratuction processes,
reported in fig. 16, confirms the attribution ofethemaining two reversible
processes. Voltammetric measurements at low termper&60 °C) show that
| reduction process, relative to the Bxtraction, unrewarding of the kinetics
slow down is still irreversible. Second reductiomgess didn't changed
significantly whereas the remaining processes obseat room temperature
were no more clear and confused with solvent digghdfig. 17).
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Figure 16. . Cyclic voltammetric curves of a 1 mNpir-tet)Br THF solution. Experimental
conditions are identical to those reported in fi§. Experimental curve on the left is compared
with simulated one on the right.
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From these observations first reduction can bendely assigned to the
breakage of the Br-pyridine bond. Even if THF ig aosuitable solvent at
these potentials a mono-electronic reversible diadgprocess was observed
at low temperature; his potential has been fourmete 1.23 V vs. SCE.

Ir(pyz-tet)
The structure of this complex is very close to tbatanalogue compound

discussed in previous paragraph; for this reasmnilasi electronic properties
are expected. Consequently the CV of the two cergd are compared in
order to assign redox processes. Looking in #uctions region, a first
mono-electronic reversible process is present aiitly, of -1.44 V vs. SCE.

By examining electronic properties of the two di#fiet types of ligand present
in coordination sphere (i.e. the presence of twoogén atoms in pyrazine
ring), first reduction is expected to be localizegyz-tet ligand.
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Figure 17. Voltammetric curves of a Ir(pyr-tet)BimiM THF solution. Supporting electrolyte:
80 mM TBAPF;,. Working electrode: 1@m Pt disk. T=-60 °C. Scanrate: 20 V/s.

At more negative potentials, (respectively -2.2% ap.50 V) a second and
third reduction process is present. Second redudsiageversible but the last
voltammetric peak (fig. 18) is affected by a spigtthat can be attributed to a
partial chemically originated irreversibility. Asraatter of fact by repeating
measurement at low temperature this feature coelipleisappears. (fig 19).
It's interesting to note (see tab.3) that Il aMireduction process of Ir(pyr-
tet)Br fall at potential nearly identical to Ir(pyet) Il and Il reduction. This is
a clear indication that Il and IV reduction are tted on the two phenyl-
pyridine ligands. Moreover, the comparison of thglic voltammetries
evidences the different number of redox processestd the presence of a
chemical reactivity caused by the alogen substituitn Ir(pyr-tet)Br.
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Figure 18. Voltammetric curves of a Ir(pyz-tet) MiTHF solution. Supporting electrolyte: 80
mM TBAPF; . Working electrode: 50m Pt disk. T= 25 °C. Scanrate: 1 V/s.

In the region of positive potentials no process weisenced before solvent
discharge at room temperature. (fig.20). On theerottand by observing the
cyclic voltammetry registered at low temperature (60 °C) three reversible
reduction processes and a single oxidation one wlesgly present. (fig. 19).
The B/, for the reversible oxidation process, not presgmbom temperature,

was found to be +1.33 V vs. SCE.

20 1= 10 os oo 05 -0 -5 20 -Eiu" -30

Figure 19. Voltammetric curves of a Ir(pyz-tet) MiTHF solution. Supporting electrolyte: 80
mM TBAPF; . Working electrode: 50m Pt disk. T=-60 °C. Scanrate: 10 V/s.
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Ir »(2,3-btp)

The cyclic voltammetry showing reductive procedseeported in fig. 21. A
first mono-electronic reduction process is presantl.17 V vs. SCE; the
second one, irreversible and nono-electronic &ll2.13 V. By analyzing the
CV curve the irreversibility of the Il reduction sdbeen found to be of
electrochemical and chemical nature at the same fline chemical follow up
reaction is supposed to be a conformational mattibo that leads to an
irreversible isomerization. In the following fig22he CV has been registered
in the same experimental conditions by increascamgate. It can be noted
that second reduction is still irreversible wheréarsthe last two reductive
processes (marked Il and 1V) resolution of theksaanproved. The simulated
curve, reported then in fig. 23, was in good age@mvith experimental one.
On the basis of previous considerations the folmwnechanism is proposed :

0
A+e ERed,A A
EQ
A- + e Red,A- A2_

A2_ Kf BZ_

Kb

B2 + gFressy p3-

0
B3 + e_ERed,Ba- B4

B4 + e_EIged,BA- B5-
In this scheme A is identified as the pristine ctarpr,(2,3-btp) that is doubly
reduced. The product of second reductich i\ not kinetically stable and is
rapidly converted to Bthat is then reduced in following steps. Regardirg

nature of chemical process, a conformational changke doubly reduced
form of the complex can be reasonably hypothesiZdte simulation allowed
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calculating and correctly assigning all observeduotion processes that are
summarized in table 3.

YEwn

Figure 20. Voltammetric curves of a Ir(pyz-tet) MiTHF solution. Supporting electrolyte: 80
mM TBAPFs . Working electrode: 50m Pt disk. T= 25 °C. Scanrate: 1 V/s.

WA,

En

Figure 21. Voltammetric curves of g(R,3-btp) 1 mM THF solution. Supporting electrotyte
80 mM TBAPF;. Working electrode: 5am Pt disk. T= 25 °C. Scanrate: 1 V/s.
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Figure 22. Voltammetric curves of g(R,3-btp) 1 mM THF solution. Supporting electrotyte
80 mM TBAPF;,. Working electrode: 5@m Pt disk. T= 25 °C. Scanrate: 10 V/s.
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Figure 23. Simulated Voltammetric curves of g2r3-btp) 1 mM THF solution in the same

conditions of experimental one reported in fig. 22
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Oxidation processes of ,(2,3-btp) were studied in the same experimental
conditions previously described for reduction bytusing a different solvent.
The use of ultra dry DCM allowed exploring positigmtentials region
avoiding the problem of solvent discharge. Twoviersible oxidative peaks
have been found at +1.06 V and +1.23 V vs SCE is thedia. The
measurements evidenced oxidation processes thabraasly can not be
considered completely localized on metallic centexause a substantial
contribute to LUMO is expected from the tetrazolatesed bridging ligand.
The oxidation processes localized exclusively dfiljrare supposed to be
instead at higher potentials. Electrochemical d#tahe investigated Ir(lll)
complexes is summarized in table 3.

TCeC) | 1 | [ m |

Ir(pyr-tet)Br | +25 | 1.38 | -1.74 | -2.00 | -2.29| -2.5:

-60 1.23 | -2.04 | -2.20 - -

Ir(pyz-tet) | +25 - 141 | -2.25 -2.5(') ]
-60 1.33 -1.45 23 | -2.64 -
Iry(2.3-btp) | e 1'2§: -1.16 . |-2.29| 720
1.06 -2.13 -2.72
Table 3. Summary of & “of reductive (I, II, Ill, IV) and oxidative (1) paesses for investigated

Ir(11l) tetrazolate complexes.
* potentials are referred to SCE.
** E= Ep (peak potential calculated by simulation)
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4.2.3
Photophysical and ECL properties.

After electrochemical investigations spectroscopioperties of the Ir(lll)
compounds have been carefully studied. The meaumteof absorbance and
photo-induced light emission are normally performéefore to test
electrochemiluminescence in order to make the EChatad more
understandable. The Ru(bgy) has been taken again as fluorescence and
ECL standard for his electrochemical stability &might luminescence.

UV-VIS absorbance

Absorbance spectrum provides useful informationtie@ energetic levels
involved in excited state generation. For this 0@asviLCT bands, the ones
associated with light emission in the visible regare of particular interest. In
fig. 24 are reported absorbance spectra of thesthifdl) complexes. Three
different colours are used to indicate Ru(pyz-t&)pyr-tet)Br and K2,3-
btp). All complexes show the following three segarbands in decreasing
energy order: ILCT on*« n (inter-ligand charge transfer), LMCT (ligand to
metal charge transfer) and MLCT (metal to ligandarge transfer). The
maximum intensity MLCT band is close to 400 nmddrcomplexes. W2,3-
btp) shows an higher in MLCT region respect to mononuclear complexes
because two metal-ligand chromoforic centres ageegut in a single molecule
resulting in an higher light absorption.
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Figure 24. Absorbance spectra of 0.02 mM MeCN sahstiof Ir(Ill) complex. Blue line: Ir(pyr-
tet)Br; red line: Ir(pyz-tet); black line: Af2,3-btp). Samples were Ar degassed .

200 400

The Absorbance maxima registered in MLCT regiontfa different Ir(lll)
complexes are summarized in tab. 4

AMnm Abs
Ir(pyr-tet)Br 380 0.088
Ir(pyz-tet) 383 0.084
Ir (2,3-btp) 381 0.227

Table 4. Summary of MLCT absorbance bands oflJrdmplexes. Solvent: MeCN. T= 25
°C.
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The LMCT band, not very pronounced is typical oEdmplexes. There is not
an equivalent band in the spectra of Ru(kfyhow can be noted from fig.25.

Around 270 nm, the intense absorbance peaks steugttesent in every
metallorganic complex is caused by the typigad— = transitions (ILCT).

T ¥em
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200 400 800 80
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Figure 25. Absorbance spectra of a 0.02 mM solutidRu(bpyx(ClO,), registered at 25 °C.

0

Photoluminescence

The study of emission spectra, preliminar to EClalgsis, It's useful to
estimate the maximum emission intensity and thatike wavelength. In
figure 26 are reported the emission spectra ofr@ll) complexes compared
with that of the standard collected in the sameedrpental conditions. The
exciting wavelength is that with the maximum absoide in MLCT region.
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Figure 26. Comparison of emission spectra of Ir(Idomplexes and the standard.
Photoluminescence was registered from a 0.02 mM MefNtions of the complex.
Wavelengths of excitation are those previously regubin tab. 4. For Ru(bpy) AecWas 460

nm. Cell was air degassed for 5 minutes.

400 a00

The results of fluorescence investigations arenteddn table 5. The emission
spectra of Ir(pyr-tet)Br evidences two maxima, eztiyely at 486 and 510
nm, with an intensity almost identical to that af(Bpy)**. In general for the
Kasha’s rulé’ multiple MLCT emissions are forbidden, in the chsevever of
mixed ligand, the presence of different MLCT levelgh similar energies
could result in a dual emission. Another possitplanation could be the
presence of a vibrational structure in the MLCT cd#mat could also explains
the asymmetricity of emission peak. Similar emisgidienomena have been
reported for some Ir(Ill) and Ru(ll) complex&g? Anyway, to understand the
real nature of dual emission more detailed photsjalay investigation should
be necessary as in the case of Ru(pyr-tet) (sei@isecl.2 ).
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Another interesting feature of Ir(pyr-tet)Br is thkie shift of his emission of
about 100 nm with respect to Ru(bgy) The causes of this higher energy
emission can be substantially two: (i) the preseride as central atom instead
of Ru; (ii) the presence of a halogen atom bourtth wyridinic ring. A recent
work showed that increasing the fluorination of wrigine ligand in a
cyclometallated Ir(Ill) complex a widening of theOMO-LUMO gap occurs
leading generally to a blue shift in emissfBBy taking in account this paper
Ir(pyrtet-Br) shows as expected a fluorescence shuie of 100 nm induced by
the introduction of a Br in meta positfdmespect to coordinating N in the
pyr-tet ligand pyridine. This effect can be dehit confirmed by testing
fluorescence of Ir(pyr-tet) where no halogen aterpriesent. The synthesis of
Ir(pyr-tet) is actually in progress.

Ir(pyr-tet)Br 383 486 199

510 209
Ir(pyz-tet) 338 618 100
Ir , (2,3-btp) 381 509 28
Ru(bpy)s(ClO.), 451 609 216

Table 5. Summary of photoluminescence propertiea@?® mM MeCN solutions of the Ir(lll)
complexes and standard. Emission in IR-VIS regfonhtained by populating MLCT bands.
Solutions were Ar degassed.

In fig. 26 the fluorescence spectra of Ir(pyz-tetindicated by a blue line. The
maximum is very close to that of Ru(bg¥)and the relative intensity around
50 %. In this case the pyz-tet LUMO lies at a lownergy respect to that of
(pyr-tet)Br and fluorescence is observed at theesamvelength of Ru(bpy.
The fig. 26 black curve is the spectra of dinucleamplex with emission
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maximum at 509 nm and an approximate relative ieffity of 10 % respect to
Ru(bpy)®*. As observed for Ru(pyr-tet)Br an interesting bikeft of about
100 nm is present.

Last test was the evaluation of sensitivity tothat was found pretty small for
all compounds except the dinuclear one. Figurst®ivs the emission spectra
of Ir,(2,3-btp) before and after degassation. The eamsgeak at 509 nm is
surprisingly completely quenched in presence of @his feature is promising
for the set-up of an high sensitivity oxygen serisased on fluorescence.

o
8
|

Ar degassed

Fluorescence intensity / A. U.

Air equilibrated

T I T I \ T I T |
450 500 550 500 650 700
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Figure 27. Emission spectra of a 0.02 mM solutiblr £2,3-btp) in degassédblack curve) and
air equilibrated cell (red curve).* Cell was degasbg Ar flow for 5 minutes.

Electrochemiluminescence

Ir(pyr-tet)Br

As previously reported fluorescence maximum isrd@rise band made of two
peaks at 510 and 486 nm. On the other hand inretdwmical investigations
has been found a reversible oxidation procegs=EL.38 V vs. SCE)) and an
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irreversible first reduction (E-1.74 V). It's important to remember that when
Ir(pyr-tet)Br is reduced the corresponding complgthout the halogen atom
(Ir(pyr-tet) is electro-generated. In figure 28 dhown ECL emission in
function of time during a cyclic voltammetry. Itimportant to note that the
time is here an implicit function of the appliedeutial because the last one is
continuously varied at the constant 1 V/s scan. fEte cyclic voltammetry
included proper complex first reduction (I Red) duiglfirst oxidation process
to study the ECL emission obtained by cation-ardaect annihilation. The
ECL signal is zero until I Ox. or | Red potentialreached where sharp peaks
of emitted light are registered. In figure 28 tight emission peak registered
during oxidation (positive potentials) is labelleé®©x” and the one in
correspondence of reduction (negative potenti&ed”.

soo00 — Ox

40000 —
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< z0000 —
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w

Red
0000 —|
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o L 20 30

time's
Figure 28. ECL emission in function of time durirepeated CV cycles on a Ir(pyr-tet)Br 0.5
mM MeCN solution. Supporting electrolyte: 0.1 M TBAPFScan rate: 1 V/s. Potential
program: E= +1.35 V (I Ox), BE=-1.62 V (I Red.). Solution was Ar degassed for Hutes.
ECL mechanism: cation-anion direct annihilation. Pli&s: 1000 V. ITime: 10 ms. Sample
time: 35 mS.
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The time interval between a “Red” peak and theofeihg “Ox” is higher of
that between a “Ox” peak and following “Red” becatise absolute value of
the maximum negative potential reached is highan thositive one and the
scan rate is constant. The time at which first smis is observed is not
significant because the beginning of electrochelmégaeriment and light
acquisition are not accurately synchronized in &ibased scan” as happens in
light/current/time curves. Light is then emittethem a sufficient amount of
electro-generated positive radicals meets theespanding negatively radical
anions obtained during reduction.
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Figure 29. ECL emission in function of time durirepeated CV cycles on a Ir(pyr-tet)Br 0.5
mM MeCN solution: following cycles. In this graphettelectrochemically induced conversion
of Ir(pyr-tet)Br in Ir(pyr-tet) + By is well visible by observing the transformation tbe 2
emission peaks registered during oxidisation. Erpemtal conditions were exactly the same
described in fig. 28.

ECL intensity | A. L

By comparing the “Ox” light peaks with “Red” ond&lclear that the first are
in general of higher intensity. The explanatiortiat during reduction a big
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amount of injected electrons are used in halogéraetion from Ir(pyr-tet)Br
and thus generated anions have a very shortiife &nd lower possibilities to
produce excited states. The intensity of “Ox” pémKast decaying in time
whereas “Red” peak reaches pretty quickly steaalg stSurprisingly the “Ox”
light peak, initially single ,progressively splits two separate peaks both
registered during reduction. The second peak,alhjitijust a shoulder, is
anticipated in potential (i.e. time) respect to thee obtained from the
beginning. In the figure 29 the following cycleSthe same experiment are
presented. By observing accurately the two emispiggks obtained during
oxidation It's clear that an electrolysis of onenoie in these experimental
conditions is sufficient to convert almost completér(pyr-tet)Br complex in
the analogue Ir(pyr-tet) which oxidation poteniglprobably anticipated (see
fig.30). The fact that emission during reductiesuits in a single peak is due
to fact that the electrogenerated Ir(pyr-tet) idueed to higher potentials
respect to Ir(pyr-tet)Br (see sect. 4.2.2) so thdical anion of the latter
complex should not be generated in these expergment

-GE-005 T T T T T T T
2 -1 o 1 EN
Figure 30.Cyclic voltammetric curves of a 1 mM In(jigt)Br MeCN solution. Supporting

electrolyte: 80 mM TBAP§ Working electrode: Pt disc electrode of 3 mm ditan Scan rate
1V/s. T =25 °C. Potentials are reported vs. Agewir

198



Chapter 4 =————=

From the point of view of concentrations profilés\We assume that ECL
intensity of a species is proportional to its carication in diffusion layer, It's
a clear experimental evidence that during elecsislwhile Ir(pyr-tet)Br ECL
peak is decreasing in intensity (blue line of #9) Ir(pyr-tet) one (green line)
is correspondingly increasing. On the other haneg shmmation of the
intensities of the two ECL “Ox” peaks is approxielgtconstant as expected
for a conversion reaction. Putting together presiotonsiderations the
following mechanism can be proposed:

0 0
E Ox,Ir(pyr-tet) <E OXx,Ir(pyr-tet)Br

0 0
E Red,Ir(pyr-tet) <E Red,Ir(pyr-tet)Br

—=0 —0
E=E Ox,Ir(pyr-tet)Br E=E red,Ir(pyr-tet)Br

electrogenerated

Ir(pyr-tet)Br

electrogenerated

Ir(pyr-tet)Br B

Ir(pyr-tet) o
2 W
Ir(pyr-tet) + Br -
Ir(pyr-tet)*
Ir(pyr-tet) Ir(pyr-tet)Br*
Ir(pyr-tet)Br *

Ir(pyr-tet)Br +
Ir(pyr-tet) +

By taking in consideration this scheme is cleat HraECL emission peak is
expected to be observed at the potential (or intihjiat the time) where at
least one over the three reactive radical spedesléctro-generated. As
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predicted by the model thus, in the present casethission peaks are three:
one in correspondence of Ir(pyr-tet) oxidation, theo in correspondence of
Ir(pyr-tet)Br oxidation and the last in corresponde of Ir(pyr-tet)Br
reduction. Those three limiting cases, depictethénfollowing scheme justify
the fact that two ECL emission peaks are observehgl oxidation and only
one during reduction.

( N
—_=0 —0
E=E Ox, Ir(pyr-tet) E=E Red,Ir(pyr-tet)Br

W We

~ ~

Ir(pyr-tet)  Ir(pyr-tet) Ir(pyr-tet)Br  Ir(pyr-tet)Br

-0
E=E Ox,Ir(pyr-tet)Br

Wel

Ir(pyr-tet) Ir(pyr—tet).+ Ir(pyr-tet)Br Ir(pyr-tet)Br °*

To justify the assumption that Ir(pyr-tet) is marasily oxidized than Ir(pyr-
tet)Br the cyclic voltammetric curves registeredinig ECL measurements are
reported in fig. 30. It can be easily noted thaireeversible peak, not present
in the first scansion, appears around + 1 V (v9.awl progressively increases
by repeating scansions. This voltammetric peakevasi contemporaneously
to ECL shoulder appearance, has been considerad agidative process of
the freshly electrogenerated Ir(pyr-tet). When figpyr-tet) complex will be
available the potentials of electrochemical proesssvill be carefully
compared in this experimental conditions to confiinm interpretation.
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These results demonstrated the practical posyilditit study by ECL the
kinetics of chemical processes coupled with electransfers in the cases
where reactant and product are light emitters.

By using annihilation mechanism ECL intensity amaet stability of the
emission was not sufficient to allow spectra cditat Considering the
irreversibility of first reduction of Ir(pyr-tet)Band the subsequent electro-
induced reactions to obtain a more stable and $etesignal the use of a
oxidative coreactant has been found convenient. these reasons by
oxidizing in presence of NP{max potential~ Bnprd the emission resulted
much more intense than that obtained previouslgrbyhilation. (fig. 31). The
signal is due to fast radicalic reactions involvioxjdation products of NRr
and the complex radical cation producing exciteatest If at this point the
experiment is repeated by reaching the oxidaticernii@l of the complex as
expected a second ECL emission peak of lower iitfeagpears. (fig. 32).
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Figure 31. ECL emission in function of time durirepeated CV cycles on a Ir(pyr-tet)Br 0.5
mM MeCN solution. Supporting electrolyte: 0.1 M TBAPFScan rate: 1 V/s. Potential
program: E= 0 V, E=+1.1 V (I Ox of NP§). ECL mechanism: oxidation in presence of
NPr(3x102 M). PMT bias: 1000 V. ITime: 10 ms. Sample timB:18S.
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The two mechanisms of excited state generationrésgmce of the ammine
producing the different peaks have been alreadyudsed in detail in section
4.1.
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Figure 32. ECL emission in function of time durirepeated CV cycles on a Ir(pyr-tet)Br 0.5
mM MeCN solution. Supporting electrolyte: 0.1 M TBAPFScan rate: 1 V/s. Potential
program: E= 0 V, B=+1.4 V (I Ox of the complex). ECL mechanism: oxida in presence of
NPr;(3x10% M). PMT bias: 1000 V. ITime: 10 ms. Sample timg:r8S.

The fact that the second ECL peak, correspondinigg@omplex oxidation, is
less intense than first (NPoxidation) is substantially a consequence of the
molar excess of the coreactant with respect tdHe fact that emission in the
presence of coreactant was stable in time is hduonfirmation that the new
peak appeared during oxidation in annihilation expents was caused by an
electro-generated new molecule produced duringotexiu

ECL signal obtained in these conditions was intesrssugh to allow spectra
registration that is reported in fig. 33. The maxximof emission was at 510
nm, the same value obtained in photoluminescengergments; this fact
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confirms that excited state is the same populaidtliorescence spectra. The
structure of the peaks and the general aspecteo$lctra is very similar to
that obtained by photo-excitation , however sidoaloise ratio is lower.

U
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Figure 33. ECL spectra obtained from a Ir(pyr-tetfB5 mM MeCN solution. Supporting
electrolyte: 0.1 M TBAPE Switching method: chronoamperometry. Potentiagmm: = 0
V,1s; B=+1.1V, 1s. ECL mechanism: oxidation in presen‘chll%rs(leO2 M). PMT bias:
1000 V. ITime: 5 s. MCStep: 0.25 nm.

Ir(pyz-tet)
The complex Ir(pyz-tet), as already reported, shawsntense fluorescence

spectra with maximum around 618 nm. Differently nfroprevious
electrochemical investigations, if the cyclic voti@metry is performed in bottle
guality MeCN the compound evidences a reversilod €ixidation process. In
fig. 34 is reported a cyclic voltammetric curve wittg mono-electronic and
reversible first oxidation and reduction processes.
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Figure 34.Cyclic voltammetric curves of a 0.5 mMpiiZ-tet) MeCN solution. Supporting
electrolyte: 40 mM TBAPE Working electrode: Pt disc electrode of 3 mm ditan Scan rate
1V/s. T =25 °C. Potentials are reported vs. Agewir

The stability of electrochemical processes alloles generation of ECL by
annihilation.(fig.35). Two different light signaksre present: one instable of
medium intensity during negative potential stepd another stable of low
intensity during positive potential steps. Thisi&@our suggests that probably
the cation has a higher life time respect to afieing the emission during
reduction more intense. The instability of ECL estos during negative
potential steps seems to be caused by the formafifilming product at the
electrode slowly diffusing away. The intensity of[E emission obtained by
cation-anion direct annihilation was not intenseowggh to register ECL
spectra. The coreactant NRvas then introduced to increase signal intensity.
In fig. 36 as example is reported a typical cysla@dtammetry registered in
presence of the ammine. Due to the large excesNRyf the only plain
electrochemical processes are the first and sea@mcdhine irreversible
oxidation.
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Figure 35. ECL emission in function of time durirggpeated CV cycles on a Ir(pyz-tet) 0.5 mM
MeCN solution. Supporting electrolyte: 0.1 M TBARPFSwitching method: triple step
chronoamperometry. Potential program=E1.35 V (1 Ox), B=0V, 0.5 s; B= -1.25 V (I
Red.), 0.5 s. Solution was Ar degassed for 5 minUE3. mechanism: cation-anion direct
annihilation. PMT bias: 1000 V. ITime: 10 ms. Saefime: 35 mS.

In fig. 37 is reported the ECL emission in functimfitime when a large excess
of NPr; is present. As observed and discussed for Ir@yBt two separate
ECL emission peaks, corresponding to different miodés, were evidenced. In
this case however the two emissions were unexpgabédhe same intensity
and the potential necessary to get an acceptaipbalsivas surprisingly high
(+3 V vs. Ag). There is not a clear reason thatifiy the necessity of a so
positive potential; one explanation can be thddliffy to generate a sufficient
amount of Ir(pyz-tet)* at lower potentials becaudesecondary reactions of
the electro-generated radical cations which the im@nAnyway the emission
is intense enough to get a well resolved ECL spettr(fig. 38). The
maximum (610 nm) is very close to that of fluoregmeand can be concluded
that in photo- and electro-generated luminesceheesaime excited state is
populated.
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Figure 36.Cyclic voltammetric curves of a 0.25 mipyz-tet) MeCN solution containing 3x10
2M NPr. Supporting electrolyte: 40 mM TBARFWorking electrode: Pt disc electrode of 3
mm diameter. Scan rate 1 V/s. T = 25 °C. Potendi@seported vs. Ag wire.
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Figure 37. ECL emission in function of time durirgpeated CV cycles on a Ir(pyz-tet) 0.25
mM MeCN solution. Supporting electrolyte: 0.1 M TBAPFScan rate: 5 V/s. Potential
program: E= 0 V, E=+3.5 V. ECL mechanism: oxidation in presence of ;{#x10° M). PMT
bias: 1000 V. ITime: 10 ms. Sample time: 35 mS.
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Figure 38. ECL spectra obtained from a Ir(pyz-te50mM MeCN solution. Supporting
electrolyte: 0.1 M TBAPE Switching method: chronoamperometry. Potentiagpmm: = 0
V, 0.5 s; B=+3.0 V, 1000 ms. ECL mechanism: oxidation in presenf NP§(3x10% M). PMT
bias: 1000 V. ITime: 2 s. MCStep: 0.25 nm.

Ir »(2,3-btp)

As for Ir(pyr-tet)Br the fluorescence of this compl was blue shifted respect
to Ru(bpy)** of about 100 nm (max. 509 nm) and his efficienostty low (
~10 % of the standard). From the point of viewelgictrochemical properties
the first reduction is stable and reversibleyE 1.16 V) whereas first
oxidation is irreversible (£1.06 V). In figure 39 is reported the ECL
emission in function of time during a cation-aniannihilation experiment.
The generated signal is pretty weak but appareimtly stable. An attempt of
spectral acquisition failed probably because ECtkrigity is not sufficient.
Another probable explanation considering the irrsiodity of the first
oxidation process is the slow formation of a quendr filming products that
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Figure 39. ECL emission in function of time durirgpeated CV cycles on g(2,3-btp) 1 mM
MeCN solution. Supporting electrolyte: 0.1 M TBAPFSwitching method: double step
chronoamperometry. Potential program=B1.53 V (I Ox), 0.5 s; E -1.28 V (I Red.), 0.5 s.
Solution was Ar degassed for 5 minutes. ECL mechangzation-anion direct annihilation.
PMT bias: 1000 V. ITime: 10 ms. Sample time: 35 R&tentials are referred to Ag wire.
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Figure 40. ECL emission in function of time durirgpeated CV cycles on &(2,3-btp) 0.5
mM MeCN solution. Supporting electrolyte: 0.04 M TBRAP Scan rate: 1 V/s. Potential
program: E= 0 V, E=-2.5 V. ECL mechanism: reduction in presence dH/),S,0g (40 mM).
PMT bias: 1000 V. ITime: 10 ms. Sample time: 35 ntentials are referred to Ag wire.
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was not evidenced during time based experimentausecof short electrolysis
time. Considering that in the complex evidencesresversible Ox. and a
reversible | Red. the coreactant (NJ$,0s has been added to try
improvement of ECL emission intensity. The réegl ECL vs. time plot is
reportes in fig. 40. The signal is unfortunately lkfw intensity, not

reproducible and fast decreasing. This behavialindt allowed the aquisition
of ECL spectra.
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Chapter Five:ECL on chip

In rebus dubis plurimum est audacia

In commercial ECL analyzers (see appendix) a deereaf signal

reproducibility after long time of operation is @ft observed. This problem is
caused by the progressive degradation of emittistahsurfaces. A possible
strategy to avoid this effect is the introductianveorking electrode of mono-
use gold sputtered silicon wafers. In a first semé experiments different
geometrical properties of the chip containing betbrking and counter
electrode have been modulated to find the bestigimaftion. The second step
was then the chip chemical functionalization tolude the ECL emitting
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label. The obtained device has been used to shalydiiability of the ECL
system for the detection of a generic probe-tacgapling reaction.

5.1

ECL chip structure and preparation

Gold electrodes have been prepared by Olivettit Islep. a. by using
fabrication procedures proper to microelectronicSuitable electrode
geometries have been obtained through a photgliéiphic procedure by
using appropriate contact masks.

Silicon

THOX

Ta/Al

Au

O O000

Silicon nitride

Figure 1. Materials and layers of ECL chips.

Gold electrodes were fabricated by either evapmmatir sputtering of gold
onto standard 6” silicon wafers. To get a perféetteical insulation between
gold and silicon substrate, the latter was covésed thermally-grown silicon
oxide (THOX) thin film. In order to improve the aelion of the gold film
onto the substrate, an “adhesion promoting” unglerlaf Ti, Cr or Ta/Al
alloy was firstly deposited onto the SiQurface. Finally, an insulating
overlayer of SiQ or SgN4; was deposited to cover the metallic contacts thus
obtaining a better definition of the active surfacea. (see the overall scheme
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reported in fig. 1). Two-electrode (working (W) andunter electrode (C))

configurations, using various geometries (i.e. sggiacircles or stars), areas
(diameters: 0.5-1-2 mm), and inter-electrode gap80300 micrometers)

were combined onto the same wafer, obtaining cf. dléctrodes on each
wafer. Furthermore, various thicknesses of the golting have been tried.

Contact
area

Chip description

Counter electrode

IWorking
electrode

Figure 2. General setup of a circular geometry EGip electrode.

In the chip description area is specified the gaom@&C stands for Circular,
EQ for square and ES for star shaped), the dimensiovorking electrode in
um and the distance between counter and workirtpensame unit. ( e. g.
EQ _500_30 means that the electrode is squarevdth afi 500pm and W-C

distance of um). Before to run the chip proper characterizaiome basic
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verifications has been carried.drhe proper electrical insulation of the chip
was verified with scanning electrochemical micrggcgSECM) technique.

(fig.3) During the scansion when the tip is on adwctive area the registered
current increases whereas in presence of an imsylaubstrate decreases
rapidly. This way the conductive area of the chag been mapped (red region

in fig. 3) and has been verified that the chip wasectly prepared.

Gap 30 um; @ 500 um

-8.008-9 A
-500e-9A

+ &0
“» 10

Figure 3. SECM image of a star shaped ECL chip ediect Electrochemical mediator:

Ferrocene-OH. Supporting electrolyte: KNGO mM.

Another simple test consisted in the verificatidrthe effective separation of
W and C when the distance was minimal(b) by observation under optical
microscope (fig. 4). Also from this point of viewet chip was considered

satisfactory.
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Figure 4: Optical microscope image of aud W-C gap. The grey region around electrodes is
the Ta/Al underlayer of the approximate width ofrt.

5.2
Experimental procedures

Electrochemistry and electrochemiluminescence

Cyclic voltammetry and ECL was carried out with akUTOLAB
electrochemical station (Ecochemie, Holland) areliously introduced ECL
Bologna setup. The silicon chips were used as eowrtd working electrode.
In both cyclic voltammetric (CV) and ECL experimert homemade compact
glass cell and a Teflon chip holder was used H)g.This cell was previously
described in major detail in section 2.4; one aflenefits is that contacts are
made without soldering the chip. The Quasi Refeegiectrode, an Ag wire,
can be inserted directly in the back of the Teftoider. Prior to each
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Figure 5. The cell and the chip holder used in B&H CV experiments (side view).

experiment cell and CHIP holder were immersed isoacentrated KOH
EtOH/H20 1:1 solution for 10 minutes then washethwiater, rinsed with a
concentrated HCI solution, sonicated and finallysked with water and
acetone. The chips were immersed for 5 minutesranpa solution (KD, /
H,SOy 1:3 viv) before each experiment then sonicatedveashed with water
and acetone. The CHIP electrodes modified by SAMeweashed with water
and EtOH after functionalization and prior to eamebasurement to ensure the
absence of adsorbed or free Ru(bPy)from marked reactants. Quasi
reference Ag electrode was polished with Qu@b-alumina and then was
sonicated and thoroughly rinsed with Milli-Q watand acetone before each
run. For electrochemical and ECL experiments a jphate buffer solution
(PBS) was prepared using equimolar quantities gHR&, and KHPQ, . The
concentration of PBS was 0.1 M and pH was adjudted7.5 using
concentrated PO, or a 3 M solution of NaOH. The optimization of theffer
solution in ECL commercial analyzers in discussed the appendix.
Tripropylammine (NPyor TPA) was added as coreactant in concentration o

216



Chapter 5 =——=

3x10% M (the maximum soluble amount at this pH) . ECLswgenerated by a
single oxidation step of the Ru complex and TPAe ECL signal during
cyclic voltammetry was measured with a photomubipltube (PMT,

Hamamatsu R4220p) placed few millimetres in frohthee CHIP working

electrode inside a darkbox including completely whaface of working

electrode .

Figure 6. The setup used during ECL experiments\i@p). The PMT is placed just in front of
the chip.

A voltage of 1000 V was supplied to the PMT. ECledpa has been recorded
inserting the same PMT in a dual exit monochromé@TON RESEARCH
mod. spectra pro 2300i). Fotocurrent detected af Méls accumulated for 3
to 5 seconds depending on emission intensity, dohetep of monocromator.
Monochromator in and out slits were fixed to theximaum value of 3 mm.
Experimental setup for detection of integrated EbDhission is summarized in
fig.6.
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Photoluminescence

Photoluminescence (PL) measurements were perfomtéda Varian (mod.
Cary Eclipse) fluorimeter equipped with solid saenpholder. The
experimental setup (fig. 7) allowed to focus exgtilaser into working
electrode. The presence of light at the PMT waeckd, before each test,
registering the spectra of the source partialljeotéd by the gold surface of
the CHIP.

-Figure 7. The solid sample holder and experimesglp used in fluorescence experiments.

5.3
Chip weak points.

Sensitivity to basic solutions

When the chip is washed with an highly basic sohgithe Al/Ta underlayer is
etched. From the previous homogeneous grey colourdescent oxide film
is clearly visible on the underlayer with a stamdaptical microscope. (fig. 8)
As consequence ECL signal tends to decrease ofitab®-100 times
depending on the amount of oxide present. On therdtand no changes were
observed in the chip after washing with an hightyde piranha solution.
Silicon and silicon nitride layers showed in gehe@ sensitivity to acid and
basic solutions.
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Figure 8. Optical microscope image of ECL electrbdfore (a) and after (b) treatment with 3
M NaOH solution.

Corrosion of the edges

In square geometry electrodes if the electricatendrpassing trough is higher
than 10 mA a corrosion and detaching of the Al@yeet together with Au one
is clearly observed (fig. 9). The effect is morsilvie at the corners because of
the higher current density. For this reason wheimgusquare geometry
electrodes It should be better to run cyclic voltetries at a scan rate lower
than 10 V/s. A similar effect has never been olberior circular and star
shaped electrodes probably because of currenttgemsimogeneity on the
edges . For a better understanding of the phenortienaystem could be
simulated by using appropriate boundary conditions.

Formation of a quenching film

If after an ECL run, a chip is observed under @btinicroscope a brown film
is present on the working electrode surface. (gpel0). After a water rinse,
to remove the Ru(bpy) crystals, by watching the chip under the
fluorescence microscope has been found that thisi$i not fluorescent. The
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amount of filming product is higher in the regiooishigher current density
(i.e. at the edges). In the case of the lower Wistadce chip (um), when a
sufficient current is passed, the electrogeneraféch can bridge the two
electrodes. The effect of the two electrodes jamcis a short circuit revealing
the conductive nature of the film. In the futurshiould be interesting to study
the exact composition of this film to understanthé underlayer play a role in
his formation. If It is not the case this film cduhelp in understanding what
molecule is the quencher and possibly the resplensib Ru(bpy)** time
emission decay. As recently reported in fact, tRe(bpyy(H,0),*" formed
from the reaction between Ru(bgy)and HO could be the quencher of his
solid state emissidrbut this hypothesis has still not confirmed.

Figure 9. Corrosion and detachment of gold layéh Wwigh current density (> 10 mA)

Absence of a true reference electrode

If an external Ag wire is used as a reference eldetthe resistance of the cell
greatly decreases with respect to the case whesadtnot present and the
potential scale appears to be expanded. (fig £4)also important to consider
the use of a true reference electrode (for examgl&\gCl) to exclude the
possibility of potential drift that can occur wittuasi reference electrodes.
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Figure 10. Optical microscope image of the browmifig product deposited in the region
between working and counter electrode.

Figure 11. Effect of the quasi reference electipsence (red curve) and absence (blue curve)
on the shape of the cyclic voltammetry registeresimf a EQ_500_300 chip. Solution:
Ru(bpy)** 10* M/ NPr; 3x10% M. Supporting electrolyte: PBS 0.1 M at pH 7.5.
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5.4
ECL Reproducibility tests on the chip

54.1

Structure of the tests

During these measurements two different compounage hbeen tested
separately: the new tetrazolate based Ru(pyr-tet}ize standard Ru(bp§).
Four independent measurements have been perforreardang to the
following scheme for each complex:

Copy 1 of the chip

-Chip washing

1) test 1 on solution 1 (Ru + NAn PBS)
-washing

2) test 2 with solution 1

Copy 2 of the chip, change of solution
-washing

3) test 1 with solution 2

-washing

4) test 2 with solution 2

Each measurement has been repeated 5 times wathipuvashing to check
signal stability. From the collected data the fallog information can be thus
obtained by statistical analysis:

- Chip reproducibility: on the first use of the chgm two successive
usages
- Comparison of relative ECL emission intensity af(pyr-tet) and

Ru(bpy)*".
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Figure 12. Effect of cleaning cathodic step in EQId &£V curve of a Ru(bpyj" 10* M/NPry
3x 102 M solution. Chip: EQ_2000_30. Supporting electrely\PBS 0.1 M at pH 7.5. Scan rate:
0.5 V/s. PMT bias: 750 V. Potentials are vs. Agewir

Specific experimental conditions

During the reproducibility test measurements atsmuwith [Ru]= 10* M was
prepared by using Ru(bpf’F) triply crystallized from acetone or
chromatographically highly purified Ru(pyr-tet)h& oxidative coreactant
NPr; ,added at a concentration of 3¥104 ,was previously purified by
distillation and preserved under Ar to avoid oxidatin air. The switching
method was cyclic voltammetry (scan rate: 0.5 Vi$)e potential program
was E= 1.2V, B=-1.0 V vs. Ag. By using the NPirreversible oxidation as
internal potential reference no sensible driftredf guasi reference Ag wire was
observed. As consequence the max. ECL intensityreashed during all the
tests. The typical light/current/potential curvefile during a measurement is
shown in fig. 12. The effect of Hevolution, when negative potential is
reached between first and second scan, is an Etehsity increase and a
decrease of the current triangular peak around ¥0l8 the following scans
usually no more modifications of the light/currgutiential curve were
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observed. The emission maximum intensity measuveith@l three successive
CV cycles has been thus taken as ECL signal. tjsortant to specify that
during solutions preparation the accuracies weree 61 ml in volumetric
measurements and * 0.05 mg in weigh.

5.4.2

Results and discussion

During the tests the chips displayed a very brigie visible emission in
correspondence of the positively biased electroddace (fig.13). The
emitting area appeared of an homogeneous orangarcdlhe results of chip
reproducibility studies on Ru(bpgj and Ru(pyr-tet) are reported in table 1.
For each of the four measurement are specifiedE@Gk intensities @c|)
registered during the relative 5 tests. The mednevand standard deviation
has been calculated for each set of tests.

Ru(pyr-tet) and Ru(bpy) relative emission intensity

The kcirupyr-en/lecLrubpy) Value mediated on all measurements has been found
to be of 8.60 %. This value is much lower than thiattiined by square cell
(56 % in sect. 3.2.4) and far from fluorescencatrat quantum efficiency in

air (28 % sect. 3.2.2 ). This results evidencesE@4 relative emission
intensity depends on experimental conditions tlmatsequently need to be
carefully fixed. The ECL intensity dependence offudion coefficient and
electrolysis conditions could be eliminated by digfg it as follows:

[T V)av
EECL,n = 'f—
Jf i(V)dv
where Ec_nis the normalized ECL intensity and(¥;) is the interval of

potential where emission occurs. Another simpldindesn could be:
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I
— " ECL,max
EECL,n -
I ECL,max

where the ECL intensity is normalized respect ® ¢hrrent @c.may in the
single point of the maximum. A practical problemtlis approach is the fact
that during experiments the light was measuredbitrary units which depend
on experimental conditions (i.e. PMT voltage, PMehstivity, slits aperture,
electrode area etc...) that varied from square t@ ofell setup. The
measurement of absolute emitted light should beenbgdohoton counting that
is not currently available in Bologna setupThe current normalization was
not used here for simplicity but will be implemesht future investigations
when an accurate calculation of ECL efficiency ecessary. This set of
measurements confirmed that Ru(pyr-tet) has an &@ission intensity very
similar to that of Ru(bpyj".

Figure 13. Photographic images of ECL emission feofil mM Ru(bpyf*/ 3x10% M NPr3
solution. Supporting electrolyte: 0.1 M PBS at pl5. 7rom the left to right: EQ_2000_5,
EC_2000_5 and again EC_2000_5 chip electrode. ECLsamisippears homogeneous in all
working electrode surface. These images show tBsilpitity to invert the counter with working
electrode by retaining the emission.
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ECL decrease for repeated chip usage

From tab. 1 is clear that when a chip is used argb¢ime with the same
solution after a washing step a decrease of ECGingity is observed for both
complexes. This is due to a thin film formationatrking electrode (sect. 5.4)
and to his surface modification during operatiohe decrease of ECL signal
cannot be caused by NPronsumption because of his large excess.
Considering the mean value of five tests the folhgnzc. decreases from first
to second chip usage have been calculated:

Chip 1 Decrease (%)
Ru(bpy)** -14.0
Ru(pyr-tet) -20.9

Chip 2
Ru(bpy)”” -13.1
Ru(pyr-tet) -25.9

General
Ru(bpy)~ -13.6
Ru(pyr-tet) -23.4

The decrease is a bit lower for Ru(bf$})the decrease was very similar in the
two copies of the chip.

Figure 14. Optical microscope image of the thrdfedint geometries of the working electrode.
From left to right: ES_2000_5, EQ_2000_5 and EC_260¢hip electrodes. The gold areas
covered by the insulating film in the left and rigide appears as reddish.
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227

units. (20 pA/V current scale) .

Chip Mean Sid. Dev. | Chip Mean Std. Dev. | Chip Mean Sed. Dev. | Chip Mean Sed. Dev.
1 1 2 2
Sel 1 Sol2 Sol 1 Sol2
[ Test Naraber 1 | 2|3 | 4|5 1 [z 3 ]4]5] 1 2 | 3 | 4] 5 1 | 2 ]3| 4]5s
Rubpy)s™ | o35 | o35 | o104 | 023 | 925 | 784 01 | s00 | 705 | 1019 | 1020 | 920 | 898 | 1003 | 848 | 854 | 850 | 83.7 [ 841
Summory 92.44 078 78.86 108 9738 2.70 846 0.69
Rupyr-te) | g5 | 03 [ 50 | o0 |80 | 68 |68 | 72| 72| 72| 84 | 86 |84 | 84| 83 | 635 [ 60| 61| 64 | 64
Swgrmary 8.82 0.36 698 0.16 s42 0.11 6.24 0.18
Table 1. Summary of the data collected 1n ES_2000_5 clup reproducibility tests. The measured value 1s ECL intensity expressed in arbitrary
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Chip reproducibility

The inter-chip reproducibility was estimated by tanslard deviation between
values measured in two identical copies of the.Chii following values were
calculated:

FIRST USAGE
Ru(bpy)s™*
Chip 1 92.44 A. U.
Chip 2 97.38 A. U.
Reproduc. +3.6%
Ru(pyr-tet)
Chip 1 8.82 A. U.
Chip 2 8.42 A. U.
Reproduc. +3.28
SECOND USAGE
Ru(bpy)s”*
Chip 1 78.86 A. U.
Chip 2 84.60 A. U.
Reproduc. +4.97 %
Ru(pyr-tet)
Chip 1 6.98 A. U.
Chip 2 6.24 A. U.
Reproduc. £7.92 %
MEAN REPRODUC.
Ru(bpy)s”* +4.29 %
Ru(pyr-tet) +5.60 %

The reproducibility obtained in ECL measurementubing chip electrodes is
in general very good (x5 % ). Respect to initia¢ @f £ 3% in second usage is
lowered to £5-7 %. This values suggests the siityalif the chips to ECL
guantitative measurements.
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55
Chip geometry optimization

55.1

Structure of the tests

This series of measurements was made to maximitesigDal by varying the
chip electrode geometry (fig. 14). As already idtroed three different
geometrical aspect of the chips were modulated:

- working electrode shape: square (EQ) , circlH)( and star shaped (ES)

- dimension of W: 500, 1000 and 200

- W-C distance: 5, 30 and 3@n.

Considering all the degrees of freedom the systerhet maximized can be
mathematically represented with a three index asfagtal 27 elements.
Assuming however that ECL signal is reasonably priognal to the electrode
area, is convenient to study only the chips witheatision of 2 mm. This way
the resulting two indexes matrix of configuratiaas be written as:

EQ 5 EQ_30 EQ_300
EC_5EC_30 EC_300
ES_5ES_30 ES_300

Where the column number represents the W-C distanee and the row the
shape. For each element of this matrix, by usingbpy)* as emitting
complex, a set of five ECL intensity measurememats been performed. The
experimental conditions were identical to thosescdbed in sect. 5.5.1 except
for geometry variation. From the final matrix of E@tensities, containing
the mean of the 5 equivalent experiments, will lednined the best
combination of the varied parameters.

229



———————— ECLon Chip

Configuration test 1 test 2 test 3 test 4 test5
ES 5 101.90 102.90 92.00 89.78 100.31
ES_30 90.24 95.49 93.29 96.20 97.32
ES_300 82.70 97.93 108.61 116.03 117.61
EQ_5 178.50 207.61 199.68 197.72 197.33
EQ_30 167.05 154.85 169.83 168.34 167.48
EQ_300 130.37 147.64 150.21 151.55 152.58
EC 5 131.07 133.45 126.25 125.40 127.28
EC_30 84.20 93.75 98.21 100.43 101.59
EC_300 103.27 105.99 104.86 108.55 108.78

Table 2. ECL emission intensity (A. U.) by varyingig configuration parameters. The
photocurrent was in the range of 28/V. Each test was repeated five times. ECL emisgiaa

generated by oxidizing a 0.1 mM Ru(bgf) 3x10% M NPr3 solution. Supporting electrolyte:
0.1 M PBS at pH 7.5. Switching method: Cyclic voltaetry. Scan rate: 0.5 V/s. Potential
program: E= +1.2 V, B=- 1.0 V vs Ag.

5.5.2
Results and discussions

The following matrix contains the ECL intensitieslaulated as mean values
of the five tests for the different W-C distancesd ageometries; the
corresponding raw data is reported in table 2.

5

EQ 196.16+ 10.71

EC 128.68 + 3.43

ES 97.3%6.03

30 300
165.5C 6.05 146.46+ 9.17
95.63+7.06 106.28 + 2.36
94.5& 2.8 104.57+ 14.49
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The mean values of max. electrical current measutedng the same
experiments are reported in the following matrikene j..x is expressed in A.

5 30 300

EQ 2.17xad 2.15x16 2.17x10*
EC 2.62x1d 1.57x1H 1.66x10*
ES 1.37x1¢ 1.49x1d 1.62x10*

For all geometries the emission intensity appeagdomogeneous in all
working electrode surface (see fig. 13). The ineerof W with C didn’t
changed this feature. This consideration confirrtieal previous hypothesis
that total ECL intensity is a linear function o&thlectrode area.

The ECL emission in ES electrodes evidenced no rdepee on W-C
distance. From fig. 8 and 13 is clear however ihathis geometry the
minimum distance of Jum is reached only in the “star” tips whereas for
remaining electrode edges is only of|5@. As a matter of fact EC geometry,
where W-C distance is constant, showed a 25 %gofsincrease by lowering
it from 30 um to 5um. The positive effect of the short W-C distance is
definitely confirmed by EQ geometry. The valuediglit and current intensity
of the square geometry need to be divided for pr2at to comparison with
EC and ES, the approximated electrode area rafsol@). By comparing EQ
with EC geometry it's clear that even with gth W-C distance there is an
increase of normalized light emission of about 30Mth the same current.
This behaviour evidence a positive effect of theiasgq geometry on the
circular one. By decreasing the W-C distance farbin EQ geometry the
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normalized ECL intensity is increased of about 2@$was for EC geometry
(25 %). By summarizing two effects on ECL intengsigem to be present:

[) an increasing effect of the square geometry geispo the circular one at
constant current (+30 %)

II) a positive effect of the lower pm W-C gap at constant current (+20 %).

For these reasons the best configuration was foairi€l) 2000 5 where the
two effects were combined.

Future chips improvements
Taking in account the results of optimization tébtsfollowing modifications
will be done in the improved version of the chip:

- reduction of W-C distance toi8n

- reduction of underlayer protrusion (currentlyr) to gain space

- the reference electrode will be included (Ag/AgCl)

- it will be investigated the possibility to realise MEA (Multi-
Electrode Array) version of the chip.

5.6

ECL annihilation emission in water

As previously reportédusing short distanced (@) interdigitated electrodes
is possible to generate ECL from aqueous Ru@pyolutions even in
absence of supporting electrolyte. Thanks to thartsW-C distance if the
complex was simply oxidised the radical cation getexl at the anode (W)
can annihilate with radical anion contemporaneouphpduced at the
cathode.(see fig. 15) A similar experiment wasdtiy using chips with the
minimal W-C distance (fum ) to understand if the previously observed
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increase of ECL intensity in short distanced etatds was caused by this
effect.

Cathode
©0Q «©@ B00so O

o
66(9@@@@ o

@(97 a
B9 o? BoC
P’ 29 @ @ @

Figure 15. Scheme of direct annihilation betwee@tteb-generated radical cation and anion for
short inter-electrodes distances. Anion and cati@both generated by biasing positively the
working electrode without the need of a reductidihe position where emission occurs depends
on the ions relative mobility.

Experiment |

A Ru(bpy)* 10 M aqueous solution was prepared by using Milkpoltra
pure water without adding supporting electrolyteribg a cyclic voltammetry
in correspondence of the complex oxidation, a w&&K. emission was
detected (fig. 16). The photocurrent range washode orders of magnitude
lower than that employed in presence of NBTA/V instead ofuA/V). If the
ring like chip electrode is used as working (figg) the maximum ECL
intensity increased of about 3.5 times, more thenrelative area increase of
about 2.5 . This effect was reproduced in seveststwith both EQ and EC
electrodes.
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Figure 16. Light/current/potential curves registefiem a 16* M Ru(bpy}?* aqueous solution
by using a EC_2000_5 chips as working and counéetrelde and an Ag wire as reference. No
supporting electrolyte was added. Switching metl@gtlic voltammetry. Potential program:
E;=0V, BE=+1.2V. Scan rate: 0.5 V/s.

Experiment Il

The Ru(bpy¥* 10* M solution was prepared this time in PBS 0.1 M. B
oxidizing up to + 1.1 V vs. Ag the maximum ECL ins#y increased of about
one order of magnitude respect to experiment lilailm to the current
increment consequent to electrolyte addition. . (fig.a). Considering the low
intensity of these emissions, two orders of magiatless intense than that in
presence of NBr can be excluded that the annihilation contributis the
responsible of previously observed ECL increasghiort distanced electrodes.
By oxidizing up to + 1.5 V (fig 17.b) the ECL peakound 1 V remains of the
same intensity but a new peak appears at aboul ~ Qs Ag an order of
magnitude more intense than previous. Such pogtentials seem not to be
reached in presence of NRnd cannot thus be used to explain the previously
discussed effect. The double emission was reprbliueiith different chip
configurations. It's not clear if the ECL emissian+0.1 V is localized on W
or in C consequently an image of the weakly engtthip will be captured in
future by an amplified CCD camera. The emissionCal V was not observed
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if the potential was stopped at more positive valdering reverse scan. The
emission appeared then not to be a time delayesttetiut could be the
consequence of the generation of a small amouradial anion immediately
annihilating with the previously generated shodtalice radical cations.
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Figure 17. Light/current/potential curves registef®m a 1¢* M Ru(bpy)?* agqueous solution
by using a EC_2000_5 chips as working and countmtrelde and an Ag wire as reference.
Supporting electrolyte: 0.1 PBS at pH 7.5. Switchingthod: Cyclic voltammetry. Potential
program: (a) =0V, BE=+1.1V; (b) E=0V, E=+1.5V. Scan rate: 0.5 V/s.

2+

5.7

ECL on functionalized chips

The study of ECL emission from functionalized eledes containing self
assembled monolayers (SAM) of Ru(bgy)labelled surfactants has been
previously reported by Bard e coworkéfdn general ECL emission has been
observed for different working electrode materisigh as Gold and Indium
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Tin Oxide (ITO). The ECL signal was found to be abd00-1000 times more
intense in ITO with respect to Au. The presencea ahetallic surface in the
proximity of emitting complex causes the completgeriching of photo-
excited emission so that photoluminescence for &uwh of solid film can be
obtained only on insulating substrates. The samneaching effect is present in
ECL but the different mechanism of excited stateegation, involving
charged species, makes the radiative decay possidlecompetitive with the
metallic quenching pathway. The use of lipoic dsid relatively new methdd
to prepare the SAM; previous studies evidenced alke discrete
electrochemical stability of the molecule duringduetive and oxidative
processés The chips functionalization process and the agrenof involved
species are summarized in figure 18. Here we stawHECL detection can be
pratically used to confirm the presence of an aauicproduct on a SAM
where the most conventional fluorescence detedSonot working. The
employed method has been found to be fast, easinargdensive especially if
compared with more sophisticated techniques su&iMS or MALDI.

57.1
Synthesis and purification of the ECL label Rubpy-N,
(bis(2,2'-bipyridine)[4-(4'-methy|-2,2'-bipyridine) butylamine] Ruthenium(ll) diperchlorate)

Starting materials: 4,4'-dimethyl-2,2'-bipyridine, Li diisopropylamén 1,3
bromopropane, Potassium Phthalimide (Aldrich), Hydriumhydroxid
(Merck), RuCkx3H,0 (Fluka).

Step 1:synthesis of 4-(4-bromobutyl)-4'-methyl-2,2'-bijgine (a).

| CHLi -
Xy, A T?g %r S /)\ THF Dry Yy,

L =1 L1 J — [ [ | |

xN/ xN/ I_2Dr;¢\ MN, XN Br:E‘E‘:Br N/ N
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Under Argon atmosphere 10.81 g of 4,4'-dimethyl-Bigyridine (58.67
mmol) were dissolved in THF dry (259 mL) to forne@ourless solution. The
solution was cooled to -78°C and Li diisopropylaeni(80 mL of 1.8 M
solution, 54.06 mmol) were slowly added (1 mL/may) means of a dropping
funnel. A dark red milky solution formed. The sadumt was kept stirring at -
78°C for 2 hours, then 1,3 dibromopropane (59 maQ, €fj) was added
dropwise. The dark solution was kept stirring ie tiry ice bath overnight,
letting slowly reach room temperature. 50 mL ohbrivere added in the flask
and a white precipitate formed. The mixture wastheured in a separatory
funnel and 100 mL additional brine were added. Tesdractions with
dichloromethane (150 mL each) were performed. Thardic phase was dried
and the solvent evaporated under reduced presgurélistillation was
performed in order to get rid of large excess 8fdibromopropane.

The obtained brown oil was kept in fridge for 1 dayd a white precipitate
formed. Filtration was performed (gouch, por. 4d ahe white-grey solid
retained on the filter was washed with few mL oldogiethylether. The eluted
brown solution was evaporated under reduced pregsupbtain 15.03 g of
brown oil (crude product). The oil was loaded omsilica chromatographic
column (7x12 cm) and elution was performed withlalyexane:ethylacetate
2:1. The chromatographic process was monitored WitlC (silica with
fluorescent indicator, cyclohexane:ethylacetatg arid a developing solution
of (NH4).Fe(SQ),. The fractions containing the spot with rf=0.3 {ghforms
a purple spot with the developing solution) werdleobed and evaporated
under reduced pressure. 9.88 g of yellowish oil ewebtained (product,
Yield=55%).

NMR analysig400MHz, CDC}, 25°C) showed: 1.81-1.95 (m, 4H, G8H,);

2.43 (s, 3H, Chl); 2.72 (t, 2H, Chbpy); 3.42 (t, 2H, CkBr); 7.11-7.14 (m,
2H, aromatics); 8.22-8.25 (m, 2H, aromatics); 838 (m, 2H, aromatics).
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Step 2 synthesis of 4-(4-phthalimidobutyl)-4'-methyl-2t2pyridine (b).

I\

\W . SN
“‘\\//\N/\ m
=
DME } s
[ 1 [ _sC ] [ o
POt&SSlUm

F’hthallm de

1.82 g of Potassium phthalimide (9.83 mmol) wergsaolved in 30 mL of
DMF. A solution of 3 g of (a) (9.83 mmol) in 10 mMMF was prepared
(dissolved with gentle heating) and added to thet §olution. 5 additional mL
of DMF were user to wash the becker and addede®adtution. The pale red
mixture was heated to 55°C and kept stirring fonairs. After cooling to
room temperature 90 mL of distilled water were atidie the flask. The
solution was extracted three times with dichlordraete (60 mL each time)
and the organic phase washed with 45 mL of NaOHW.&nd subsequently
with 30 mL of distilled water. After drying and esarating the solvent under
reduced pressure 3.69 g of brown oil were obtaifiée. oil was loaded on a
silica chromatographic column (6x12 cm) and elutiparformed with
toluene:ethylacetate 1:1 solution. The chromatdyaprocess was monitored
with TLC (silica with fluorescent indicator, toluerthylacetate 1:1 solution)
and a developing solution of (NJFFe(SQ),. Fractions with spot at rf=0.54
(some of them contained also a spot at rf=0.68gwellected and evaporated
under reduced pressure. A waxy, yellowish solid whtined. Addition of
cyclohexane (10 mL) and ethylacetate (1 mL) produaefine white solid
which was filtered (gouch, por. 3) and washed wiblohexane. The white
solid obtained was then used to form a milky solutivith acetone (350 mL)
and ethanol (3 mL). The suspension was kept ingéridvernight, then
evaporated under reduced pressure. Cyclohexaneaasthall amount of
ethylacetate were added to form a suspension widehkept in fridge for two
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days. Filtration was then performed (gouch, porar3) 1.60 g of white solid
product were obtained (Yield = 44%).

Step 3 synthesis of 4-(4-aminobutyl)-4'-methyl-2,2'-bijalne (c).

@]
N NH,
RN EtOH N A
| | o _retex ] |
N/ \N HN-NH, N/ \N

6h

1.60 g of (b) (4.31 mmol) and ethanol 96° (48 mlgravadded in a flask to
obtain a milky suspension. Hydraziniumhydroxid 88&tution (287 uL, 1.1
eq) was added and the mixture was kept stirringrafidxing for 6 hours. A
clear yellowish solution formed. The solution wasiuced under reduced
pressure to few mL (yellow-brown oil) and added & mL of brine to form a
cloudy solution. Three extractions with dichlorohsate (150 mL each) were
performed and the organic phase was then driecteaygbrated under reduced
pressure. 0.99 g of yellow-brown oil were obtaifedduct, Yield = 95%).

Step 4 synthesis of bis(2,2'-bipyridine)Ruthenium(lixdioride dihydrate (d).

= Fa DMF \—N
& Reflux i
RuCly - 3H,0 + D—E ET ~ Ru -2H,0
\Nf Q:N/ —
{ \X\
]

Under Argon atmosphere Rug€BH,O (5.08 g, 19.43 mmol), 2,2'-bipyridine
(6.10 g, 2.01 eq) and LiCl (5.53 g, 6.71 eq) weassalved in degased DMF
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(37 mL). A black solution formed. The solution waept stirring and refluxing
for 8 hours. After few minutes cooling (not yet nodemperature) 160 mL
acetone were added in the flask and the solutignt ke fridge overnight.
Filtration was then performed (gouch, pro. 4) amel dark solid on the filter
was washed with distilled water (200 mL), let dny ilne gouch for 1 hour,
washed with diethilether and let dry on the gouegkrpight. 5.1 g of dark
powder were collected (product, Yield=50%).

Step 5 Synthesis of bis(2,2'-bipyridine)[4-(4'-methyl-2t#pyridine)butylamine]
Ruthenium(ll)diperchlorate (Rubpy-NH

/f \\ / 3\
£
AN

/ NHz
Yam —\ M= — /_/7
\ /) )_ Nooa L \ ¥ N,
A / ; .
N EOHHO N TN /
el + reﬂux Ru . |:

Under Argon atmosphere (c) (583 mg, 2.42 mmol) @)q1.05 g, 2.01 mmol)
were dissolved in 100 mL of ethanoj® 1:1 solution. A black solution
formed. The solution was kept stirring and reflgkifor 8 hours. Orange
reflections showed up in the solution. Upon coolihg solvent was reduced
under reduced pressure to about 15 mL. Cationibange chromatography
was then carried out using a Sephadex SP25 resin2rbx20 cm column.
Elution was performed with distilled water untihast transparent elution was
achieved. Then the eluent solution was switcheNa€@l 0.25 M to elute the
dark band on the top of the column. The ionic gftlerwas raised during
elution up to NaCl 2 M to elute completely the g@@amproduct. The main
orange-red fraction was reduced under reduced ymes$s a volume of about
100 mL. 1 mL of HCI 37% and 4 mL of NaCJG M solution were added a
the solution became cloudy and a dark gunk predgdt Heating with phon
dissolved the precipitate and the hot solution p@asred in a new flask. The
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solution was kept at room temperature overnighh tBeadditional mL of
NaClO, 5 M solution were added to induce precipitatiohe Tmixture was
kept in fridge overnight and a oily precipitate ftask's wall formed. Vigorous
scratching with spatula and sonication at 60°Cedrthe precipitate in a fine
powder. Filtration was then performed (gouch, gdrand the orange product
on the filter was washed with few drop of icy wat845 mg of orange-red
solid were obtained (Rubpy-NH

5.7.2
Electrodes functionalization

Chemicals and materials

Lipoic acid from Aldrich £99%), EDC (1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride, triethylamine, ethandichloromethane, (0,
(98%), hydrogen peroxide (30%), dimethylformamident Fluka, were used
without further purification. Ultrapure 18 ®cm water was obtained by a
Milli-Q (Millipore) system. Rubpy-NH and lipoic acid NHS (where NHS is
N-hydroxysuccinimmide) were obtained from Cyanagearl. The glassware
used during the electrodes functionalization wasméd with freshly prepared
Pirafia solution (98% %0, /30% HO,, 7/3, VIv).

TOF-SIMS (Time Of Flight Secondary lon Mass Speuttoy) setup
The features and experimental setup are summarieyl 18

Preparative procedures of ECL gold electrodes

Two strategies were investigated for the prepamatid the self assembled
lipoic acid monolayers carrying the ECL active prdRubpy-NH. In the first
method the coupling product between Rubpy;Nidd lipoic acid NHS ester
was synthesized and used without further purificato form the monolayer.
(scheme 1)
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o]

g(N\OH
HoN

(e]

scheme 1

As second method we carried out the coupling of E@ active moiety
Rubpy-NH with lipoic acid’s SAMs on gold electrodes (scheXe

Scheme 2

TOF-SIMS characterization (see below the detail®wsed that a slightly
higher compactness of the SAMs on samples eledrads reached with the
strategy showed in scheme 2. For this reason weridesin detail only the
former method that is also simpler from a synthptint of view. The gold
coated silicon electrodes where cleaned at roonpeesture using freshly
prepared Pirafia solution for 3-5 min., thoroughbsied with water, ethanol
and then dried with a flow of NElectrodes were soaked for 20h in 4mL vials
containing a stirred 1.1mM lipoic acid ethanolitusion. A discrete amount of
Acetic acid (10% v/v) was added to optimize the SAdposition according to
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well established methodsThe chips were then thoroughly washed with
ethanol, water and dried under vacuum. The coupliity the active ECL
probe was performed in the same way using a DM#tisol of Rubpy-NH,
triethylamine (1.6mM each) and EDC (6.4 mM). Afg&h the electrodes were
washed with ethanol, water and the dried with N

1) Pulsed lon Source | E FEATURES

L
2) Target |||| Il‘l *Primary Source: lon$%Gd"; 1¥Cs"; Ar'):
3) Reflectron Stage ” \ Electrons; Photons..
4) Dotoctor ||| | *High Sfén?lthlly and parallel det.ectlon:.

|I | Transmission: 20+60% for atomic species >50%

5) Laser H | for molecular species

[ ‘ *Mass Resolution: 8000 @ 28 amu; >10000 @

high mass

*High Mass Range: not limited by the instrumegnt
«Charge compensation: by low energy electror
(10-30eV)

sLateral Resolution: microprobe mode with 0.1

0

pUm resolution

*Sample stage and load lock both equipped with
Na(1) cooling stage for frozen samples

Figure 18. Scheme and features of the TOF-SIMS esystused in chip structural
characterization.

SIMS-TOF analysis on functionalized chips
The ionic fragments of interest generated from fwnalized chips are
summarized in table 3. In fig. 19 are reported Ti@F images for an ECL
electrode functionalized by only the lipoic acid A The concentration of a
single fragment is spatially monitored in each imamd is higher when the
colour becomes lighter (from red to yellow).
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Image number fragment Mass/Dalton
1 96Ru 95.9090
2 98Ru 97.9070
3 99Ru 98.9075
4 100Ru 99.9062
5 101Ru 100.9074
6 102Ru 101.9062
7 104Ru 103.9071
8 107Ag 106.9052
9 C_10H_9N_2 157.0849
10 Au 196.9649
11 Group205 205.0793
12 C_8H_130_2S 2 205.0795
13 C_8H_ 130 2S 2 206.0898
14 Unknown256 256.2715
15 Group257 256.8235
16 Group290 289.9254
17 Group308 307.6464
18 Unknown312 312.3390

Table 3. Fragments geteeraluring SIMS-TOF experiments

Images 12 (Mass=205) and 13 (Mass=206) represenprisence of lipoic
acid on gold surface.

File: \SAMZ7#E MIF Field of view: 800 x 800 pm?
Pulses/Pixel 1000 m

M08
B793 3

i

MAGT 06 M8
19460 62 518024 43 335584 &
- - pr—

.290 M 312
£90809 Y S73614 48 Jer4s1 13

Figure 19. SIMS-TOF images of the chips functi@eal with a lipoic acid SAM.
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File: WSANMTHC WIF Field of view: 00 x 800 pm?
Pulses/Pixel: 1000 m

176403

M:157 197 M 205 M205
1087 57 440244 30 197596 179 1611216 9

57 M:290 M308 M:312
27282 1 72 3edEg89 303 2656134 336 205548 b

Figure 20. SIMS-TOF images of the chips functiaredi with scheme 1.

TOF-SIMS images for an ECL electrode functionaliz@dne step using the
coupling product between Rubpy-Mldnd lipoic acid NHS ester are reported
in fig. 20. Images 1-7 (Mass= 96-104) represent piesence of Ru(ll)
isotopes. The total concentration of Ru can be thtsined by summating
these low intensity seven slides. Images 12 (M28%) and 13 (Mass = 206)
illustrate the presence of lipoic acid on gold acef.

File: \SANM2FHD . MIF Field of view: 500 x 800 pm? Scans.. 1-1000
Pulses/Pisel: 1

M:95 =) MDD MO M:102
2BI55 5 57337 13 59312 15 77867 25 143489

M:AD7 M1 205 M205
83083 3 347983 21 112872 138 1244456 8

M:256 M:250 M:308 M312
21788 1 39EE49 301 2707423 286 2723649 5

Figure 21. SIMS-TOF images of the chips functiaredi with scheme 2.
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Finally TOF-SIMS images for an ECL electrode fuantilized in two steps
using the coupling reaction between Rubpy;N&hd lipoic acid SAM is
presented in fig. 21. Images 1-7 (Mass=96-104)esgnt the presence of
Ru(ll) isotopes. Images 12 (Mass=205) and 13 (M2B6¥ illustrate the
presence of lipoic acid on gold surface. Image NI&ss= 197) represent the
Au. The intensity in this case is slightly loweathin the second set of images.
This probably indicates the higher density of tAé&Sobtained in the two step
respect to the one step method.

5.7.3

Photoluminescence

Different copies of the chip were fixed carefulhto the solid sample holder
as shown in fig. 7. The excitation laser wavelengés of 460 nm, the MLCT
absorbance maxima of Ru(bgy) The partially reflected source was
eliminated using a cutoff filter for wavelengthsden 550 nm. No difference
was registered in the emission of the chip funetii@ed with SAM and
Rubpy-NH(CHIP-bpy) with respect to the non functionalizetdeo No
difference was evidenced between the chips prepayedne and two steps
reaction scheme. As expected the quenching cays@d klectrodes surfaces
prevented the radiative pathway of decay.

574

Electrochemistry and ECL.

A cyclic voltammetry was first ran for each sampl®rder to check if the cell
contacts were good and then repeated for 10 cyoleteck reproducibility
and stability of the obtained curve. The potentvak swept from 0 to 1.5 V
(vs Ag wire) at 1 V/s. To oxidize NRlis known to be necessary in this
conditions a potential in the range of + 0.8-1 \&cBuse a drift of £100-200
mV of the quasi reference electrode could sometiowsir, to be sure to
oxidize the ammine a maximum potential of 1.5 ¢ baen reached A series
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of 4 successive tests including CV (fig. 22 ) ahd ECL (fig. 23) were
performed in different conditions in order to chettle presence of the
coupling reaction and to ensure that emission was @ the Ru(bpyj*
contained in the SAM. The test number 1 and 2 g®yand 23) were ran with
well polished blank chips (e. g. not functionaligedn PBS 0.1 M and
PBS/NPg solution to exclude the possibility of an ECL bgaund emission
from buffer and NPy this tests were necessary in consideration ofldte
concentration of Ru(bpy) at the electrode in functionalized chips. In the
test 1 cyclic voltammetry showed a stable resisbedaviour and no ECL
emission was observed at all. In the experimghezZurrent increased of an

(1) (2)
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Figure 22. Cyclic voltammetries registered usingRefgAg wire electrode. Scan rate 1 V/sec.
T= 20 °C. Cell was air equilibrated. (1) chip withds®M in 0.1 PBS at pH 7.5; (2) chip
without SAM in 0.1 PBS (pH 7.5) and NfBx102 M; (3) CHIP-bpy in 0.1 PBS (pH 7.5) and
NPr; 3x10% M; (4) CHIP without SAM in 0.1 PBS (pH 7.5) and NBx10? M using the same
solution used previously in test 3.
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order of magnitude with respect to the first angt@gressive decrease of the
oxidation current of NRrwas observed for repeated swept as expected; this
was due to the consumption of the ammine duringriggersible oxidation. In
the test 3 a CHIP-bpy was introduced in the PBS/NBtution. Two well
visible SAM de-adsorption peaksaappeared from second cycle at about +0.3
V and + 1.0 V vs. Ag on direct scan; an adsorppeak appeared in reverse
scan around + 0.3 V with the typical triangular mhaDuring test 3 a
discretely intense ECL emission was detected. Bomnsdowly decreased by
time as
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Figure 23. Integrated ECL intensity vs time registieduring the cyclic voltammetries reported
in fig. 22. The PMT voltage was of 1000 V with amegration time of 10 ms.
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intensity of the adsorption peaks increased. EGictsp was registered in the
same conditions and his maximum was found at 62figm24) compatible
with that of Ru(bpyy”" emission in solution. Normally when the dye isain
SAM or in solid state a red shift of about 30-60 fsnreported:® The
experiment 3 confirmed the presence of the dye bae CHIP-bpy
functionalized CHIP. The experiment 4 has beengperéd introducing again
in solution the blank chip in the same solutiondusetest 3. Both CV and
ECL changed completely from previous test 2 andeveanilar to that of test 3
suggesting that the Ru(bg}) based surfactant was released in solution
causing ECL emission and the adsorption peakgdticcvoltammetry. The
same series of four tests were performed using fthptionalized with the
one step reaction where LipAc and Rubpy-Nt¢re inserted at the same time.
The results were identical to those of the CHIP-bptained by two separated
reactions.

40000 —
30000 —

20000 —

ECL intensity / A. U

10000 —

0 —

"'\ I I I I I

480 520 560 600 640 680 720
Wavelength/nm

Figure 24. ECL spectra of CHIP-bpy emission in aM.PBS and NRy3x10°M solution at
pH 7.5 (conditions of test 3). Switching methodracftoamperometry. Potential program=E
+0 V , =100 ms ; E=+1.3 ,t=100 ms (Potentials are vs. gRef Ag wire) . T= 20 T@e cell
was air equilibrated. The PMT integration time wé$ s.
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ECL experiments suggested again that the RugBpgjarked product was
present on electrode surface and that the SAM wetacded from the chip
during electrolysis. ECL measurements have beemodeped with three
different copies of the chip for each preparatiathnd.

5.7.5

Conclusions

This series of experiments showed the possibititgdtect the occurrence of a
coupling reaction on a SAM active site using a,fastnple and economic

method based on ECL. This approach could also éé ue check the SAM

stability during electrolysis.
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Appendix V: assay solution composition in commerel ECL analyzers!*

s Saimi)le heater |

'S'I‘DE VIEW 7 Flow out

Flow in

Magnetic
hammer

Figure 25. Top and side view of the electrochemiedll of ORIGEN ECL analyzer. This type
of flow cell, built in the early '90, was intendéar immuno-assays tests with magnetic beads as
carriers.

To make ECL technique suitable for clinical anadylie use of an electrochemical
flow cell (fig. 25) must be combined with an appiiage formulation of assay buffers
because his composition can efficiently affect tBEL intensity, sensitivity,
selectivity and stability. This appendix regardrththe fundamental aspects of
optimizing the formulation of assay buffers. The wé NPg coreactant, as previously
introduced in sect. 4.1 involves the intermediaéy aissociative chemical reaction
following the initial electron transfer step to geate a highly active intermediate. The
assay buffer solution provides an appropriate enwirent for the ECL process, and
the existing of biological species as well.
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The formulation of the IGEN inc. assay buffer isrsnarized as following:

Component Concentration fgtion

NP3 0.1 M Source of ECL intermediate

KH,PO, 0.2M pH buffer, supporting electrolyte

NaN; 7.7 mM preservative, ECL signal enhancer

NacCl 201 ECL signal enhancer

Triton-100 0.05 % (in volume) surfactant, electrode surface condition
improvement (good wetting iatye

Tween-20 0.05 % (in volume) surfactant, electrode surface condition
improvement

Obviously, NPs is the most important species in above formulanfall amount of
NaN; is also important in the assay buffer. Its basiwction is preservative. Note than
N5 also can be oxidized to a strong reducing radizlwhich will enhance ECL
signal about 10-20 %. On the other hand, has firerd that a small amount of NaCl
(3-20 mM) added to the buffer can enhance the E@nsity by a factor of 3-6 times.

1500
ECL
int. « .
L ]
[ 2
10001
L ]
5001
L ]
0 — . T
5 6 7 g PH ¢

Figure 26. The pH dependence of ECL intensity uSidigM NPg and 10° M Ru(bpy)}?*. The
signal is corrected for background. [Adapted fraf 13]

This enhancement may be due to the specific adsorptf chloride at Au and Pt
electrode surfaces. Another explanation could bat tthloride was oxidized to

252



Chapter 5 =——=

chlorine; chlorine or CIO(Cl, dissolved in HO to produce CIQ would catalyze ECL
reaction. It is interesting to note that Bnd F have a similar ECL enhancement effect
in the same conditiorf8.The solution pH is another important factor fosas buffer
formulation. The pK of H,POy, is about 7 and #P0O, can make a good buffer of
pH=7, but it fails to make a buffer of pH=6. The pldlue where NRractivity is
higher (fig. 26) has been empirically found to b@-7.5% The typical dependence of
ECL intensity on NPyconcentration is linear until a plateau is reacaedbout 20-30
mM (fig. 27)*?

D
4000 D o

3000

ECL intonsity {a.h.)

1000

0 20 40 60 e 100
TPrA concantration (mM)

Figure 27. Dependence of ECL intensity on NBwncentration in the flow-through system.

Sample solutions contained 1 nM Ru(bpyand 0.02 vol % Triton X-100 in the presence of an
optimum 1 mM concentration of bromide. Supportingctolyte: 0.15 M phosphate buffer at

pH 7.5. [Adapted from ref. 12]
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Final remarks

Caminante, no hay camino. Se hace camino al andar.
Antonio Machado

Electrochemiluminescence has proven to be a vergatie method of

investigation. During this predoctoral fellowshigt different Ir and Ru

complexes have been studied from the point of aéwlectrochemical and
emission properties. The best behaving new matedal found to be Ru(pyr-
tet) that evidenced an high ECL emission even itew@r media with a

maximum slightly red shifted respect to that of Bhy()>". The preliminary

tests on his direct interaction with DNA showedoa rmonventional behaviour
that is still under investigation... Some complexascgeded in preparation of
solid devices with light emission in the visibledanear IR region. Other
compounds, disappointing from the point of view e wished ECL

properties, were unexpectedly impressive in newations. An interesting
example is the Ir(pyr-tet)Br complex that demonstiathe possibility to

follow by ECL the kinetics of an electro-induceceatical reaction.

The design of the Bologna ECL instrument was atgpeaasion to create a
flexible and sensitive system introducing many retimnulating possibilities.

Last not least the ECL chips electrodes were arisimg source of ideas and
know-how exchange. During lab-on-chip preparatitme combination of

different disciplines and skills (i. e. engineetinglectrochemistry,

photochemistry, synthetic chemistry, material so#xy biology, analytical
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chemistry, ...) resulted in a project of simultane@gademic and applicative
interest. Often the multi-discipline approach byntining simple concepts of
each subject easily leads to new research dirextion

In these three years | learned that an experingemever a full success or
failure but just a knowledge step, whether an dhjeds reached or not just a
new beginning ...

Figure 1. A simple scheme to detect by ECL the DiyAridization. The target DNA is labelled
with an ECL active compound and the complementargndt (probe) is immobilized on
electrode surface. [adapted from ref. 1]

Toward nanoparticles and DNA micro-arrays...

The fundamental and mostly realistic objective GLENnvestigations seems to be the
improving on several aspects of immuno-assay.téhis following research lines are
currently in progress in this direction:

- DNA hybridization studies on ECL chips ( By usiag already reportéd

ibridization scheme shown in fig. 1 a similar expent will be tried using
chips electrodes as substrate).

- MEA (multi electrode array) preparation (by takires reference the
extraordinary micro arrays, containing up to 100,Gflectrodes, recently
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produced by Combimatrix Corp., a series of 16 edelets ECL arrays will be
prepared and tested to introduce the new detectiethod in multi-target
analysis).

Synthesis of new ECL labels based on Ru(pyr-tbging the ammine
modified bpy ligand already available and consiugrithe promising
properties of the complex the preparation and rtgstif the label should
easily follow. The hypothetic structure is reporiedig. 2).

[Ru(bpy-NH 2)5(pyr-tet)] *

| [Ru(bpy)(bpy-NH ) (pyr-ter)]

Figure 2. Two possible mixed ligand ECL labels basedRu(pyr-tet).

Synthesis and characterization of new complexegaguing Ru, Ir, Re and
Os as central atom with improved efficiency or &uf emission energy.
(unlike fluorescence an ECL multicolour detectigstem is still unavailable.
Four well distinguishable different colours shoulte necessary to
differentiate the nucleotides).

Synthesis and test of covalently doped silicaopanticles as ECL labels
(The benefits of the use of nanoparticles contgitive emitting complex as a
label are: the absence of self-quenching due tdixiee position inside the
particle; the low concentration of oxygen and watdp silica pores that
results in higher efficiency; the fact that a graatount of the complex can be
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bound to a single molecule of target DNAy greatly increasing the
sensitivity ).

- Preparation of ECL chip sensors based on the-fightch effect of Ru(dppz)
(This type of sensor, depicted in fig. 3, shoul@edethe presence of double
helix DNA in solution thank to a great increasefloforescence efficiency
when hybridized DNA is present. The decrease dusiibn coefficient that
follows the intercalation of the complex into DNAuble strand, discussed in
sect. 3.3.2, could be avoided by directly bindinfge tRu-dppz to the
electrode).

_ —
L .
\\/%L&“‘ AN
A7 (YSR Q
o !
FJJ — aYe
B HN a /\N__;Rla_,/\\
Rudppz-(NH,), \// S ()

+

CHIP-SAM (S CHIP-dppz

s S s J s s s 8

ECL CHIP _EpCTEA ECL CHIP
Figure 3. A possible chip functionalization schebe using the ammine derivative of the

Rudppz. This device should detect the presence & Bduble strand thank to the big increase
of ECL efficiency in his presence.
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Final Credits

Non c’é nulla di piu pericoloso di una grande ideauin piccolo cervello...

E’ incredibile come questi tre anni siano trascorapidamente. Sin da quando sono
arrivato mi sono accorto di quanto si stesse benquesto gruppo; qui si lavora e ci
si diverte! Qui si pensa alla grande scienza sethineenticare di prendere un po’ in
giro chi ti sta attorno. E se c'e festa ci siamangee ! La lista di persone da
ringraziare € davvero molto lunga... Se dimenticolguao non si offenda, sono una
persona un po’ sbadata ma di sicuro era certo mignzione di ringraziarlo. Allora
su partiamo:

Massimo e Francesco: come avete potuto accogliena persona che non
conoscevate, insegnargli i vostri segreti e poi dwfo a fare I'americano ? Beh,
comungue grazie davvero ce l'avete fatta !

Demis, Carlo, Giulia, Matteo, Giovanni, Stefaniarivigrazio in ordine sparso perché
non ho voglia di mettervi in un qualsiasi ordineragie dell'aiuto materiale,

psicologico e soprattutto delle sciocchezze chéaabhb detto e fatto insieme.

Ringrazio papa e mamma, grandi lavoratori, grazia aostre fatiche e rinunce ho
potuto giocare con le luci e I'elettricita finomu di trent’anni...

Grazie alle due Chiare (mia sorella e la mia raggzzoi che quotidianamente avete
sopportato e quotidianamente sopporterete...
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Un ringraziamento speciale va a te mia amata Chiarl Nei giorni difficili i tuoi
occhi e il tuo sorriso erano sempre con me ! Coma eometa mi hai guidato radiosa
verso la gioia !

Come potrei non ricordare Austin ed i suoi persagiadoro che tanto hanno
contribuito a farmi sentire uno scienziato. Ringea# Prof. Bard, Frank Fu Ren e
tutti gli altri numerosissimi componenti del suaigpo. Ricordo in particolare quelli
dell’officina meccanica ed il mitico soffiatore Nhigel che hanno assecondato con
pazienza tante mie leonardesche creazioni...

Ringrazio Leo della Cyanagen ed il Prof. Luca Prpdr aver sopportato e supportato
la mia voglia di fare cose utili all'umanita . Riragio i bravissimi Enrico ed Ettore
senza i quali i chip sarebbero rimasti nudi...

Ringrazio Roberto di Trento per le misure SIMS-TOF...

Ringrazio il Prof. Palazzi ed il grande Stefano @dtiaper le numerose polverine
fluorescenti.

Ringrazio I'lng. Gigi Civera ed il suo braccio destDanilo per il grande aiuto e
I'ospitalita.

Ringrazio Livio Cognolato e gli altri ragazzi delllivetti s.p.a. che camminano con
noi verso il sogno “ECL on chip”.

Grazie a tutti quelli del progettone LATEMAR....

Insomma basta adesso sono stufo se non avete asewtio:

GRAZIEEEEE'!
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THE END
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