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This preliminary work reports, for the first time, electrogenerated chemiluminescence (ECL)

at droplet-modified electrodes. The system involves oxidation of aqueous
tris(2,2’-bipyridyl)ruthenium(ir) ions at a glassy carbon electrode on which a random array of
microdroplets of a highly hydrophobic tertiary amine (trioctylamine) are immobilised.
Luminescence, produced via electron transfer over the cupola surface of the droplets from the oil
to aqueous tris(2,2’-bipyridyl)ruthenium(ir) ions synthesised via intra muros electrochemical
oxidation at the uncovered parts of the electrode surface, is demonstrated. The extent of

ECL production is shown to be dependent on the degree of interfacial protonation, with a
proton-coupled biphasic electron transfer reaction occurring when the liquid|liquid interface is
fully protonated, changing to a biphasic outer-sphere electron transfer mechanism when the
interface is fully deprotonated. The competition and gradual dominance of one of these extreme
mechanisms under intermediate interfacial protonation conditions thence enables the sensitive,

kinetic estimation of the biphasic pK,.

1. Introduction

The proton-transfer reaction is the most uniquely simple and
fascinating form of positive charge transfer in chemistry,
stemming from the fact that such processes occur via the
movement of a nucleus stripped of any surrounding electrons.’
In biology, acid-base regulation is fundamentally important.”
From a technological perspective, the performance of current
state-of-the-art biofuel cells, which employ dehydrogenases’
crucially depend on proton-transfer events. Although on a
macroscopic level proton-transfer within homogeneous solution
may be considered as a first approximation in deducing the
physico-chemical factors governing the pH dependence of
enzyme reactions, this approach is not valid when probing the
dynamics of proton transfer (viz. pK, and state of ionisation) in
restricted media such as that in the vicinity of the localised sites
of the functional groups involved in enzymic catalysis to a
microscopic detail. In this case, the folded, glutinous protein
architecture exhibited by enzymes creates a confined environment
for proton transfer, affecting the acid/base properties of
water molecules by virtue of disrupting its hydrogen-bonded
structure,* so that Brensted acidity is better described in
terms of “proton transfer efficiency”, parameterised by the
rate constants for deprotonation (k) and protonation (k) of
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the substrate (A or AH", ¢.v. eqn (1)), rather than by the
classical notion of pH:
kg
AHT === A4+H" (1)

ky,

Note that in the above equation, it is improper to provide
the proton with its usual aqueous state symbol, since its
micro-confined bathing medium is in an altered state cf. bulk
water. If the protonated and deprotonated states, referred to
as AH™ and A respectively, are freely diffusible entities, of
activity ¢; (i = AH" or A), we may write the corresponding
dissociation constant, K,:

kf aady+ YAYH+ CACH+
kb [Nt s

Ka (23.)

YAHT CAH*

where y; and ¢;, respectively refer to the activity coefficient and
bulk concentration of species i. It follows that heterogeneous
protonation kinetics furnish an heterogeneous dissociation
constant, hereafter described by the term K,*Phasic:

_ Oplp
Oyt

ﬁ: T'a surf _ F%\er
ky Tage B Tay'H

Kgiphasic _ fH* (2b)

in which I'; refers to the surface concentration of species i, @;
is the normalised surface concentration of species i, and
we recognise that the activity of the expelled surface
protons (a;‘l’if) is directly proportional to the amount of the
deprotonated form (A) of the surface-localised species
(assuming it to be monobasic), for which the activity coefficient

(fa~+) is tantamount to an adsorption coefficient reflecting the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009

New J. Chem., 2009, 33, 749-759 | 749


http://dx.doi.org/10.1039/b810844g
http://pubs.rsc.org/en/journals/journal/NJ
http://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ033004

Downloaded by University of Belgrade on 02 January 2013
Published on 05 January 2009 on http://pubs.rsc.org | doi:10.1039/B810844G

View Article Online

binding of the protons to the basic surface, and the degree of
non-ideality both in solution and on the surface.¥

It follows from eqn (2b) that, should we have a technique for
measuring the relative amounts of AH" and A at the soft
matter|water interface, the calculation of KPP js possible
(on making assumptions about the proton activity coefficient).
Accordingly, under the assumption that molecular-scale local
environment perturbations can be neglected, much work has
been undertaken using molecular chemical probes, specifically
fluorescent acid—base indicators to extract the rate constants for
deprotonation and back-recombination from time-resolved
spectral measurements.*>® Such exquisite experiments provide
information on the location of the chemical fluorophore and
the corresponding ability of the microenvironment to accept
protons,® and indicate, as anticipated above, that efficiency and
proton-transfer kinetics are strongly location-dependent; the
smaller the size of the confined microenvironment, the longer
is the fluorescent decay, owing to the greater probability
of recapturing photochemically-induced proton ejection via
geminate recombination.*

Given the powerful and exquisite sensitivity of light in
providing data on micro-chemical architecture, we sought to
use visible luminescence produced electrochemically in
aqueous solution to explore the visualisation of the molecular
design of an electrode surface coated with an array of
femtolitre oil microdroplets randomly sprinkled over the
electrode surface.f This is a non-traditional liquid[liquid
system, recently pioneered by several research groups.’'*
These systems represent an excellent biomimetic methodology
since they actually reflect a picture more accurately of the
structure of biological membranes that make up, inter alia, cell
boundaries; by immobilising an oil at random on a solid
electrode surface (with fractal dimension of between two and
three), and immersing this into an aqueous electrolyte, in
which the oil phase is insoluble, enables the creation of a
series of oil|water interfaces that are separated by solid|water
interfaces, the latter arising from the parts of the electrode
that are not modified, and the whole description of the
microchemical interface accounts for the dispersion of active
sites within biological membranes. It is noteworthy that in
this scenario, provided that the interdroplet spacing is

i Alternatively, we note that at the protonated interface, the
electrostatic potential (@) needs to satisfy Poisson’s equation,
grad(e)grad(¢) + edivigrad(p)] = —F ) zic;, where ¢ is the permittivity,

1
F is Faraday’s constant, z; and ¢; are the charge and concentration
of species i. This simplifies on considering only the aqueous part:
grad(e) = 0 for a homogeneous linear dielectric.’ In this case, as the
ions in the diffuse region of the resulting electrical double layer are in
equilibrium, the gradient of the electrochemical potential therefore
vanishes, and the activity of the protons on the surface is given via a
Boltzmann distribution in the electrostatic surface potential, y: afjﬁf =
abexp(—qoy/ksT), where go is the electron charge, and ky7 repre-
sents the thermal energy of the system.” Note that, strictly, y is
the potential, the gradient of which is equivalent to the average
force acting on an ion (the potential of mean force), whereas ¢ is the
canonical ensemble average of the electrostatic potential (the local
average potential). The differences between these can be neglected.”
1 Electrogenerated chemiluminescence, ECL,’ is an incredibly powerful
tool for surface structure resolution when viewed in conjunction with a
microscope; following the work by Engstrém at microelectrodes,'
Amatore and co-workers,!! and Sojic et al'> have recently

and elegantly explored this technique for the spatially-resolved imaging
of the diffusion layer of ensembles of electrodes of micrometric and
sub-micrometric dimensions. In brief, when a strong electron donor
(D7) reacts, via homogeneous electron exchange, with a strong electron
acceptor (A1), either of which, or both, may have been electrochemically
synthesised, the Gibbs energy of this highly exothermic reaction is
greater than the reorganisation energy; the intersection of the ground-
state free energy parabolas of the reactants and products yields a large
energy barrier compared with the intersection of ground-state parabola
of the reactants with that for the products in which one product is in an
excited state.” Accordingly, a fraction (I — d) of the electron transfer
reaction proceeds non-adiabatically via the Marcus inverted region to
furnish the reduced form of the electron acceptor in a ground state,
whilst the remaining fraction (J) undergoes electron transfer to a more
accessible electronically excited product state (A* or D*) via the normal
region, since the rate at which the excited state is generated is kinetically
faster than the formation rate of ground state products. This excited
state can deactivate via photon emission (ECL), or alternatively, in the
case of the formation of ground state products in high vibronic levels,
via thermal relaxation (see eqn (Fla)). In homogeneous solution,
eqn (Fla) is kinetically rapid and occurs with a bimolecular rate constant
close to the Smoluchowski diffusion limit (ca. 10°-10'° M~! s71),13
since D~ and A™ instantaneously annihilate each other; they cannot
co-exist. This is not necessarily the case in an anisotropic medium, such
as that afforded by a liquid|liquid interface, where the reactants can be
physically separated via location in different phases. However, the
groups of Bard'* and Unwin'® have been able to demonstrate ECL or
inverted electron transfer at liquid|liquid interfaces, primarily using a
“top-down” approach, scanning electrochemical microscopy, SECM.
The rate of interfacial outer-sphere electron transfer for the case of a
liquid|liquid system has been studied theoretically by Marcus,'® follow-
ing preliminary studies by Geblewicz and Schiffrin.'” Two cases have
been noted: for a “sharp” liquid|liquid interface, the second-order rate
constant, ki, is described by eqn (F2a); in contrast, for a “diffuse”
interface which encompasses a boundary thickened by the mixing of the
solvents, eqn (F2b) is appropriate. Recent works by Schlossman'®*® and
Richmond "* on interfacial structure suggest the latter model is not really
fully acceptable.

D™+ A" 5 D+ (1 — A + 5A*
(or, A + (1 — §)D + 5D*) (Fla)

A* > A + hw(or, D* > D + /) (F1b)

In those equations, which are not directly applicable to biphasic
proton-coupled electron transfer in Eigen acids' as they have not been
derived from coupled proton and electron co-ordinates and therefore
cannot account for proton tunnelling through the activation barrier,"”
a; and a, represent the radii of the reactants (ascribed by the suffixes 1
and 2), separated by a distance x (Ax is the tunnelling decay parameter
generally referred to using the symbol f),' 1, is a typical frequency of
molecular motion and « is a nonadiabatic factor at the distance of
closest approach (typically kv, = 102 s71),'® F is the Faraday
constant, R is the molar gas constant, 7 is the absolute temperature,
AG* is the change in Gibbs energy for reaction activation, and L is the
thickness of the interfacial mixed-solvent layer. Eqn (F2) indicates that
it may be possible, from biphasic reaction kinetics measurements, to
discern interfacial structure. Indeed, such measurements, elegantly
undertaken by Kanoufi er al.'*® for a benzonitrilelwater system
suggests that ECL occurs via electron transfer over an interface
2 nm thick. Accordingly, the kinetics measured (k;, = 0.054 M~' s ")
for their biphasic s%/stem of oxalate oxidation by electrochemically
generated Ru(bpy)s® * is seven orders of magnitude smaller than in
homogeneous solution (7 x 10° M~' s71),'# testifying to the fact that
the introduction of physical anisotropy can stabilise the co-existence of
strong electron donors with strong electron acceptors. Nevertheless,
that the kinetics are finite, allows a degree of reactant annihilation of
the type indicated in eqn (F1la). It should be noted that quasi-biphasic
environments, such as that offered by electrodes supporting self-
assembled monolayers still permit very fast ECL kinetics.?

ki» = 2n(a, + a>)(Ax)*kvnexp(—FAG/RT) (F2a)

kis = 4n(a; + a»)*(Ax)Lkvpexp(—FAGHRT)  (F2b)
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molecularly-thin (this is possible with high droplet coverages>),
the interdroplet environment is actually transformed to the
restricted aqueous medium described earlier. In most of the
previous work,??? the oil phase is redox active, enabling
electron transfer to take place between the electrode and
the electrochemically unsupported oil microdroplet. Such
processes are thought to occur at the base circumference of
each individual microdroplet, the locus of which is a
three-phase boundary since the oil exists in the presence of
both the electrode support and the aqueous electrolyte into
which the droplet-modified electrode ensemble is immersed.>*
Material transport within the restricted ambiance of the oil
phase is thought to take place via migration—diffusion coupled
with a degree of Marangoni convection,?® most likely emanating
from microscale phase separation via ionic liquid formation
upon charge transfer between the electrode and the oil phase
due to counter ion insertion from the aqueous phase as a result
of electroneutrality conservation within the former phase.
Such droplet-modified electrodes are ideal at which to study
ECL phenomena—a single surface plays a dual role as
“generator”—reactive species may be electrochemically
synthesised in controllable amounts at the unexposed parts of
the electrically conducting surface, whilst allowing aqueous|oil
biphasic reactions to occur over the spherical cap surface of the
femtolitre-sized oil deposit, thence allowing the electrode to
“collect” informations regarding the extent of the liquid|liquid
reaction.§ This paper seeks to address the question as to whether
such liquid|liquid electron transfer processes can occur, as
observed via light synthesis, and whether the quantity of
light produced enables extraction of the degree of interfacial
protonation. Our system consists of a random array of
microdroplets of trioctylamine (Oc;N) covering the surface of
a glassy carbon electrode, which is bathed by an aqueous
solution containing  tris(2,2'-bipyridyl)ruthenium(i).  The
trioctylamine is immeasurably insoluble in water, and likewise,
the Ru(bpy);>/>* complexes are only soluble in the aqueous
phase. Electrogeneration of Ru(bpy)s®*, via oxidation at the
naked parts of the glassy carbon electrode, enables electron
transfer to take place over the surface of the OcsN deposits (the
liquid|liquid interface): the reducing agent is OcsN (or OcsN°),
and the electron is transferred to the m* orbital of one of the
bipyridine ligands.*>?® ECL is then produced via the decay
of the excited Ru(bpy)s>"* state to the ground electronic

§ Compared with the “top-down” approach of SECM, this droplet-
modified electrode approach enables competition between diffusional
loss and biphasic reaction over a curved surface. The added advantage
of such an electrode architecture is that in the vicinity of the oil
deposit, material transport to an otherwise unblocked, planar surface
transforms into a non-linear diffusion regime.?>2” Work pioneered
first by Amatore and Savéant,”’ and subsequently by Compton
et al.,”**" has demonstrated that this effect is tantamount to modifying
the Butler—Volmer heterogeneous rate constant for electron transfer
kinetics at the uncovered parts of the electrode surface (k) to k(1 — 0),
where 0 represents the fraction of the conductive surface that is
blocked. Recently, Compton and Davies>**” have extended this work
to deduce, via numerical simulation, the three-dimensional particle size
and geometry of the blocking deposit,>* and the electrocatalytic
reaction kinetics over the surface of such droplet deposits,>*” which
suggests that droplet exhaustion via electron transfer reaction and
solvent polarity effects are significant protagonists in understanding
the mechanistic reaction kinetics.

configuration. The ECL response is significantly affected by
the pH of the surrounding aqueous medium, suggesting the
observation of light can be correlated to the degree of interfacial
protonation, allowing for a kinetics-based measurement of
surfacial pK,.

2. Experimental
Chemical reagents

All chemical reagents used to prepare aqueous electrolyte
solutions were purchased in their purest commercially
available forms from Aldrich. HPLC grade dichloromethane
(for the deposition procedure) was purchased from Fisher
Scientific, Ltd. and used without further purification. All
aqueous solutions were made up with water (of resistivity of
not less than 18 MQ cm) taken from an Elgastat filter
system (Vivendi, Bucks., UK). These aqueous solutions were
saturated with trioctylamine, so as to ensure dissolution kinetics
were not measured, and were degassed with oxygen-free
nitrogen (BOC Gases, Guildford, Surrey, UK) prior to
experimentation; all experiments were undertaken at 23 + 2 °C.

Instrumentation

Electrochemical experiments were conducted in a conventional
three-electrode borosilicate glass cell with a flat bottom, using a
3.0 mm diameter glassy carbon working electrode (Bioanalytical
Systems, Inc., UK), a nickel wire counter electrode, and a
saturated calomel electrode (SCE, Radiometer, Copenhagen,
Denmark). As this electrode can be sensitive to high concentra-
tions of perchlorate anions (due to the precipitation of insoluble
potassium perchlorate at the calomel frit), this electrode was
replaced in some experiments with a sodium-saturated calomel
electrode (SSCE). All results reported in this paper are, however,
corrected to the SCE. Electrochemical data were recorded using
a commercially available computer-controlled potentiostat
(Autolab PGSTAT30, Eco Chemie, Utrecht, Netherlands, or
PalmSens Instruments device). The glassy carbon working
electrode was modified with trioctylamine microdroplets by
solvent evaporation of an aliquot of ca. 1 mM redox oil
dichloromethane solution. Before being immersed, this droplet-
modified electrode was inverted and held over the degassing
aqueous phase for at least ten minutes (so as to remove oxygen
from the oil phase).q The electrode was cleaned by rinsing with
dichloromethane and polishing on a napped polishing cloth
using 0.3 pm alumina slurry (Presi, France) immediately prior
to experimentation.

For electrochemiluminescence experiments, the electrochemical
cell was positioned on top of a miniaturised photomultiplier
tube with maximal sensitivity close to the 610 nm photon
produced in this work?” (H5784-20, Hamamatsu Photonics,
Enfield, UK, borosilicate window, range 300 < A/nm < 920,
peak wavelength of 630 nm) protected by a shutter. The latter
was opened for data recording after the whole apparatus had
been placed in the dark, so as to minimise the background

9 It was observed that oxygen did not have a significant influence on
the experimental data. Note that no attempt was made to quantify the
amount of ambient dust particles at the liquid|liquid interface; whilst
this may play an important réle, it was neglected herein.
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recording of daylight. The chemiluminescence signal was
recorded using a chart recorder (Chessel Ltd., Worthing,
Sussex); ECL experiments were only undertaken when the
background signal had stabilised. The ECL data were not
subjected to any post factum correction for the absorbance of
the borosilicate glass, nor for the distance between the electrode
in solution and the bottom of the cell; small changes in the latter
had little effect on the data reported herein.

3. Results and discussion

Below, we first consider the voltammetry of the individual
components of the biphasic system; we next consider the
electrochemistry when both oil and chemical oxidant are
present in the investigated system.

3.1 Voltammetry of Ocs;N microdroplets

Fig. 1(a) illustrates the voltammetry of a glassy carbon electrode
coated with microdroplets of trioctylamine at a scan rate of
0.1 V s~! immersed into phosphate buffer solution containing
0.1 M sodium perchlorate at a variety of pH values. Previous
work in both experiments and modelling®** suggests that, for
the amount of Oc;N employed herein, droplet radii are typically

Panel a

ZOOpA
20Vvs SCE ’ , J
pH2 pH4 pH6 pH8 pH1O pH11 pH12

Panel b

100 pA

Ly gl )

pH38 pH 10  pH 11 pH 12

Fig. 1 Cyclic voltammograms (0.1 V s~' scan rate) showing the
oxidation of 1.0 nmol OczN immobilised as microdroplets on a
3.0 mm diameter glassy carbon disc electrode immersed in an aqueous
electrolyte consisting of (a) 0.1 M sodium perchlorate and 0.1 M
phosphate buffer solution, and (b) 0.1 M phosphate buffer solution
only, at various values of solution pH. Three consecutive scans are
shown in each voltammogram; the peaks observed when the solution
pH is <12 are from the third scan. The cross-lines indicate the point of
origin, and the arrows show the direction of the initial potential sweep.
Note that as a random droplet dispersion is formed in each
experiment, the magnitudes of the currents vary.

10 um, affording droplet coverages of>** of ca. 0.1, and average
inter-droplet distances within the random distribution®® of
approximately 10 pm. It is readily apparent that when the
aqueous bathing medium is at pH values of 11 and below,
there is no discernable oxidation wave except that corresponding
to solvent breakdown within the potential range studied
(0.0 < E/V < 2.0), the latter occurring at higher potentials
than expected on glassy carbon due to the nature of the
partially-blocked surface (¢.v. section 1). In contrast, at pH
values of 12 a single, chemically-irreversible oxidation wave
appears at 1.7 V vs. SCE. This wave is not due to the solvent
breakdown; rather it is due to the oxidation of the tertiary
amine,' presumably at the three-phase boundary of
oillaqueous electrolyte|electrode.?!*> A plausible mechanism
is as follows. Note that all of the Oc3N is assumed to be present
within a liquid deposit; we note, but do not discuss, the
possibility of surface-adsorbed Oc;N playing a role.
Oc;N(l) + ClO, (aq) — e~ — OcsNT*ClO4 (1) (3a)
Oc;N* " ClO,~ (1) - Oc,N(*CH(CH,)sCH3)(1)

+ H"(aq) + ClO4 (aq) (3b)

Oc>N(*CH(CH,)sCH;)(1) + ClO, (aq) — e~
- [0csN*=CH(CH,)sCH;]C10, (1) (3c)

The first step in this process is thought to form the cation
radical of trioctylamine. However, in order to maintain an
electrostatically-neutral oil phase, this is likely to be accompa-
nied with the insertion of aqueous perchlorate ions (the most
lipophilic anion in the aqueous medium). The cleavage of an
a-carbon-hydrogen bond with expulsion of protons and per-
chlorate ions from the oil phase enables the irreversible forma-
tion of a radical intermediate, which may undergo further
heterogeneous oxidation at lower potentials (viz. E{)eqn (Ga) >
EOeqn (3¢))- The dynamics of the oxidation are complex, as
evident by the positively-shifted waves in the second and third
scans; the formation of new phases during the electrochemical
oxidation cannot be discounted. This suggested oxidative
pathway may only occur if the trioctylamine exists in a
non-protonated state; below the biphasic pK, of the oil,
protonation of the surface is likely,>* and forms an ion pair:

Oc;sN(l) + ClO, (aq) + H*(aq) = OcsNH*ClO, (1) (3d)

The extent to which the above ionic surfactant-forming
process occurs in the oil phase will depend on the diffusivity
of protons and perchlorate ions within the hydrophobic bulk
phase, and the degree at which this ionic liquid is soluble in
water. As the former is likely to be slow,® and the ionic
liquid is likely water-insoluble,** we suggest this is restricted
to an outer “shell”.>* Accordingly, biphasic voltammetry
of this protonated phase (as evidenced by the peaks in the
third voltammetric scan, presumably oxidising the products
of initial electrolysis) may either be initiated along the
same triple phase junction, or at the electrode|protonated
oillnon-protonated oil boundary. The former case is likely
thermodynamically slow; the latter is kinetically limited by
perchlorate ion penetration into the bulk coupled with
appropriate ion-adjustment in the outer covering.
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It is noteworthy that the above reaction mechanisms involve
perchlorate ions to exist within the oil phase as well as in the
bathing aqueous medium. The above stepwise processes are
suggested, over the alternative of proton-coupled electron
transfer, since perchlorate ions are hydrophobic and are
known to form tight ion pairs.35 Moreover, when the
voltammetry is undertaken in the absence of perchlorate ions
(viz. in phosphate buffer solutions only), voltammetric peaks
are observed between 1.0 and 1.2 V vs. SCE at every pH value
in the range 2.0 < pH < 12.0 (¢.v. Fig. 1(b)), with broad peaks
observed at pH values <4, and two waves above pH 4. At all
pH values, the integrated charge reveals that up to up to three
electrons can be passed at low scan rates (0.02 V s~ 1), whilst at
higher scan rates, only 1/2 Faraday mol~" can be electrolysed.
This more complex voltammetry (which demonstrates an
appreciable shift to more negative values as the proton
concentration is reduced) can be tentatively understood as
being proton release upon electron transfer; quantification is
difficult due to the broadness of the waves. Nevertheless, we
suggest that since the counter ions are hydrophilic, only the
surface of the liquid is protonated, and this charge is countered
by the formation of a double layer around the droplets in the
aqueous phase. This is perfectly plausible due to the high
Gibbs transfer energy for PO,~, HPO,>~ and H,PO, .
Scheme 1 is a cartoon representation of the fully protonated
and deprotonated droplets. For the protonated interface, and
for a non-restricted aqueous system, the interfacial charge, o,
can be deduced in the absence of specific adsorption, assuming
the surfacial proton activity is related to that in bulk solution

(@)

Scheme 1 Cartoon illustration of an oil deposit (orange-yellow)
immobilised on an electrode surface (grey) immersed into aqueous
electrolyte (blue). Note that in the fully deprotonated case (panel a)
there is no specific requirement for local structuring of the electrolyte
at the liquid|liquid interface. This is in contrast with panel b for the
protonated case, where only the first part of the electrical double layer
at the liquid|liquid interface is shown. Note that in this latter case, the
degree of association between the protonated oil and the aqueous
counterion (X7) is considered here to be weak; it may be stronger
depending on the nature of the counterion (see text).

via a Boltzmann distribution of the electrostatic surface
s 17
pOtentlala X = Xsurf — Xaq bulk*

qol’ oilRed

g = - -
14 (Ks‘ph“‘c/a*;[“lk) exp(qoz/ks T)

In the above, I',rea is the total surface concentration of
protonation sites, viz. I'gjrea = I'ag+ + I'a. Although the
surface charge is deducible from the differential capacity, Cq,
since Cq = Oc/OE, the latter is difficult to estimate reliably
from the voltammetric data presented in Fig. 1, not least due
to the difficulties in obtaining perfectly reproducible droplet
array distributions.

+

3.2 Voltammetry of Ru(bpy)s>" at glassy carbon electrodes

Fig. 2 illustrates cyclic voltammograms (at a scan rate of
0.1 V s7") for the oxidation of 1.0 mM tris(2,2-bipyridyl)-
ruthenium(ir) in aqueous solution at a “naked” glassy carbon
electrode at various solution pH values. It is evident that at
low pH, a single, electrochemically quasi-reversible wave
at Ema = 1/2(E,%* + ES®Y = 1.03 £ 0.01 V vs. SCE
(AE,, = 83 £ 7mV; i,%/i,R! = 1.2 £ 0.1) is present. This
one-electron wave is due to the following redox process.>

Ru(bpy);*(aq) — e~ = Ru(bpy);’ " (aq) ©)

A Randles—Sevcik analysis of the peak oxidative current
furnished a diffusion coefficient of Ru(bpy);>* of 5.7 +
1.4 x 107® cm? s~!. When the solution pH is larger than ca.
pH 5, a voltammetric pre-wave at EpOx = 0.83 V vs. SCE
becomes discernable. This feature dominates the voltammetry
at high scan rates, and increases in magnitude with prolonged
immersion of the electrode in the aqueous solution (data not
shown). It has been demonstrated*® that this wave is due to the
voltammetry of adsorbed Ru(bpy);>* which is irreversibly
“stripped” off the electrode during oxidation.

3.3 Biphasic electron transfer

The presence of microdroplets of OcsN on the surface of
the glassy carbon electrode causes the oxidation peak of
Ru(bpy);>" to increase in magnitude compared with bare
electrode despite the reduced electrode area for the oxidation—
see Fig. 3 for representative voltammograms. Strikingly, these
cyclic voltammograms do not exhibit reverse waves for the

_ pH3.0

 pH43 /%
oy

_ pHB.0

-0.1 0.6 1.3
E/V vs. SCE

Fig. 2 Cyclic voltammograms (0.1 V s~ ' scan rate) for the oxidation
of 1.0 mM Ru(bpy);>" at a 3.0 mm diameter glassy carbon electrode
immersed in 0.1 M aqueous phosphate buffer solution. Only one
voltammetric scan is shown. The cross-lines indicate the point of
origin, and the arrows show the direction of the initial potential sweep.
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Fig. 3 Cyclic voltammograms (0.1 V s~ scan rate) for the oxidation
of 1.0 mM Ru(bpy);>" at a 3.0 mm diameter glassy carbon electrode
on which 1.0 nmol Oc3N are immobilised in the form of microdroplets,
and immersed in 0.1 M aqueous phosphate buffer solution. Only one
voltammetric scan is shown. The cross-lines indicate the point of
origin, and the arrows show the direction of the initial potential sweep.

reduction of electrogenerated Ru(bpy)s® ", suggestive of its
reduction at the oillaqueous interface:

Ru(bpy);’ " (aq) + oil**(l) - Ru(bpy)s* " (aq) + 0il™(1) (6)

This amperometric augmentation of the oxidation wave of the
aqueous complex occurs at every value of the solution pH
within the range tested. However, it observes a pH dependence
similar to that reported for the voltammetry of the oil
(g.v. section 3.1), see Fig. 3. UV/visible spectrophotometric
investigations of mixtures of aqueous Ru(bpy);® " with Oc;N
suggested that no partitioning of either species into oil or
aqueous phases, suggesting that eqn (6) is truly a biphasic
electronation event.

In order to determine whether this liquid|liquid redox
catalysis is accompanied with luminescence, the electrochemical
oxidation perturbation was limited as a pulse by potentiostatting
the droplet-modified electrode at 1.2 V vs. SCE for 20 s. This
potential allows for the formation of Ru(bpy);®" under
mass-transport-limited conditions. Fig. 4 illustrates typical
ECL responses.| It is evident that the ECL response is
instantaneous with formation of Ru(bpy);> ", attaining steady-
state (except at higher values of solution pH) within a few
seconds. Although chronoamperometric transients were
recorded, these are of little value for this preliminary work
since at certain solution pH values, these also contain
information regarding the oxidation of the oil (g.v. section 3.1).
ECL occurs at every pH value in solution examined, with the
ECL intensity being greatest for solution pH values in strongly
alkaline media (pH > 10), and smallest when the aqueous
phase is of low pH; plots of the ECL signal intensity (the initial
spike, or the steady-state value) against pH are illustrated in
Fig. 5. The slight discontinuity observed in these semi-
logarithmic plots is a marker for the biphasic pK, as it
indicates a change in the mechanism of ECL production:
above the interfacial pK,, Ru(bpy);®" reacts with neutral
trioctylamine, with electron transfer presumably occurring in
concert with ion transfer (viz. perchlorate ion insertion or

| Although the ECL signal intensity is reported herein as being of
millivolt units, this is the signal recorded by the photodiode employed;
a reviewer has noted that the SI unit of light intensity is the candela.

pH 6.0

pH 10,0

(a)

Electrolysis “off™ 1

pH 6.0
50 mV
Time }:trolysls “on™
I
pHIO | pH 12.0

Time \

Time Electrolysis "on™

Electrolysis “off " Electrolysis “off"

(b) Eloctrolysis “on™

Fig. 4 ECL transients (signal vs. time) obtained under a single
stepped potential electrolysis (see text for parameters). The 3.0 mm
diameter glassy carbon working electrode was modified with 1.0 nmol
Oc3N  microdroplets and immersed into an aqueous solution
containing 1.0 mM Ru(bpy)s>". Panel (a) is for a solution containing
only 0.1 M phosphate buffer solution; panel (b) exhibits representative
data when the aqueous solution contains both 0.1 M sodium
perchlorate and 0.1 M phosphate buffer solution.

proton expulsion) across the interface; below the heterogeneous
pK,, electron transfer across the liquid|liquid interface is
apparently sluggish. Extrapolating as suggested from the data
in Fig. 5 suggests that the biphasic pK, for this system is
roughly between 9.7 and 10.8 (when perchlorate ions are
absent or present in the aqueous phosphate buffer solution).
These approximate values are reasonable estimates. We next
explore the ECL transient data further.

The presence of perchlorate ions in the bathing aqueous
medium exhibit a surprisingly large effect on the observed
ECL magnitude; ECL signals are apparently greater when
these ions exist in aqueous solution. We suggest this reflects
the kinetics of the ion-coupled electron transfer process, but
also, noting previous work by Bard regarding the distinct
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Fig. 5 Plots of the maximal ECL signal intensity (S) as a function of
the solution pH, when the aqueous solution contains 0.1 M phosphate
buffer (x), or 0.1 M sodium perchlorate with 0.1 M phosphate buffer
(O). Note that the ordinate axis is logarithmic. The points plotted are
average data, with the standard deviation marking the error bars.

effect of halides on ECL intensity, potentially due to ionic
stabilisation of the transition state.”” Under strongly alkaline
solution conditions, the following processes are plausible.

Ru(bpy)s*(aq) + OcsN(l) + ClO4 (aq)
— Oc;N"*ClO,~(I) + Ru(bpy)s> " *(aq)
- hv + Ru(bpy)s® " (aq) + OcsN**ClO,~ (1)  (7a)

Ru(bpy);’“ (aq) + Oc3N(I)
— Oc;N"*(l) + Ru(bpy);”" *(aq)
S hw + Ru(bpy)s2*(aq) + OcsN*(l) + H' (aq) (7b)

The further oxidation of the oil product can take place both at
the solid electrode, or across the liquid|liquid interface. The
reaction in the presence of perchlorate ions merely requires
these to transfer and ion-pair from the aqueous phase as the
organic oil is oxidised, to preserve the electroneutrality of the
organic phases. In contrast, as hydroxide and phosphate are
highly hydrophilic, we suggest charge-compensation by
ion-pair association at the interface. The alternative explanation
of Oc;N™* “expulsion” from the oil phase cannot be ruled
out. Note that in the above, although it is suggested that
ion-coupled electron transfer occurs in one case and not the
other, these may not be actual precise mechanisms. In any
case, it is clear that the reactions yield different products,
meaning that the overall reaction driving force is different in
each case. This will affect the ECL signal intensity.

Below the biphasic pK,, the following mechanisms are
possible.

Ru(bpy);> " (aq) + OcsNH " ClO,~(I)
- H"(aq) + Oc;N"*ClO, (1) + Ru(bpy)s*" *(aq)
— hv + Ru(bpy);>*(aq) + OcsN"*ClO,~ () + H" (aq)
(8a)

Ru(bpy)s® * (aq) + OcsNH " (1)
— H'(aq) + Oc;N** (1) +Ru(bpy)s* " *(aq)

— hv + Ru(bpy)s> " (aq) + OcsN°® (I) + 2H " (aq)
(8b)

The first process can occur at the liquid|liquid interface. The last
can only occur at a distance from the interface (the outer
Helmholz plane equivalent). In the light of the Marcus expres-
sions (eqns (F2)), it is apparent that the reduced ECL signal in
the absence of the perchlorate anion likely stems from a reduced
pre-exponential factor (as both processes involve proton-coupled
electron transfer), due to the large separation of reactants,
resulting from the incorporation of a “long-range tunnel factor”.
As in the preceding paragraph, the changes in the overall driving
force as a result of the two different mechanisms cannot be
assumed to be negligible, since the intrinsic barrier additionally
reflects a proton reorganization energy.'””**3° Moreover, the
possibility of eliciting sub-surface oil oxidation via long-range
electron transfer coupled with proton transfer in the second
mechanism (eqn (8b)) cannot be discounted as being a viable.
As in the case of the alkaline solution, the products of the
proposed biphasic reaction may be oxidised further both at the
solid electrode and at the liquid|liquid interface. The latter
pathway may be the underlying cause of the increase in ECL
signal intensity during the 20 s electrolysis as noticed in the low
pH data reported in Fig. 4. Alternative mechanisms such as
two-electron oxidations to form Ru' species, which may yield
ECL via comproportionation with Ru"" species, or via excited-
state quenching by OcsN,* cannot be discounted.

It thus appears that ECL at liquid|liquid microinterfaces is
highly sensitive to the chemical nature of the interface, and
appears to be suited to the measurement of heterogeneous
pK,. It is insightful to enquire whether this droplet-modified
system is able to afford any quantitative kinetics information,
or even of the interfacial concentrations of protonated versus
deprotonated amines as a function of aqueous pH. The shape
of the ECL transients illustrated in Fig. 4 suggests there is a
solution pH-dependent response in the cessation of ECL when
the electrochemical perturbation is removed: at high pH
values, ECL cessation is apparently instantaneous (within
the accuracy of the recording equipment); in acidic solutions,
there is a slow, first-order decay of the ECL signal. Extraction
of the first-order decay constant (k) reveals a pH dependence

10 1
&
1 - %T
@ |
x 01 T o gm
o & § 8
0.01 1
0.001 T T "
0 5 10 15

pH

Fig. 6 Plots of the observed first-order ECL decay constant (k) as a
function of the solution pH. The solution contains 0.1 M phosphate
buffer (x), or 0.0l M phosphate buffer (J), or 0.1 M sodium
perchlorate and 0.1 M phosphate buffer (O) Note that the ordinate
axis is logarithmic. The points plotted are average data, with the
standard deviation marking the error bars.
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Table 1 Variation in the decay constant in the presence of a varied
concentration of Ru(bpy);> " (aq) with 1.0 nmol Oc;N immobilised on
the working electrode

[Ru(bpy)32 * ]/M pH kaver'dge/57 !
1.0 8.0 0.06 + 0.01
1.0 10.0 0.09 £ 0.01
1.0 12.0 2.25 £ 0.08
2.0 8.0 0.05 £ 0.01
2.0 10.0 0.10 £ 0.02
2.0 12.0 235 +£0.23

illustrated in Fig. 6. Similar values for k were obtained when
the concentration of aqueous Ru'' were doubled (¢.v. Table 1).
Doubling the amount of Oc;N on the surface had no significant
effect on the values of k reported (data not shown); this variable
causes the a change in the surface availability of OcsN at the
expense of reduced amount of coverage for solid|liquid hetero-
geneous electron transfer. The differences between the plots for
aqueous ionic media likely stem from the enhanced interfacial
conductivity discussed earlier when perchlorate ions are present
in aqueous solution; the presence of electrical double layers
ensure that electron transfer occurs over longer distances, so
becomes slower and, correspondingly, more difficult to measure
accurately. Nevertheless, such plots directly enable the
extraction of the biphasic pK,, which is found to be 10.7 when
perchlorate ions are present (at 0.1 M concentration) in the
aqueous phase and 10.2 when the aqueous phase is merely
phosphate buffer solution (at 0.1 M concentration). These
values compare well with those reported via the measurement
of the ECL signal intensity, although, these values are also
merely estimates as they are extracted via reaction kinetics and
have not been corrected for mass transport rates. The latter can
be given by a Smoluchowski manner (where we have ignored
convective effects): = s 1 1 L

e
electron transfer diffusion

Reducing the concentration of the phosphate buffer solution
by an order of magnitude to 0.01 M effectively increases
the apparent biphasic pK, to 10.9 (see Fig. 6). This is con-
sistent with the perceived view that by increasing the size of the
solution-phase double layer by reducing its ionic strength
causes electron-transfer to occur over larger distances, demon-
strating that the ECL experiment is sensitive to interfacial
structure and activity effects. However, the whole picture is
further complicated by anion association effects, as suggested
for the case in the presence of perchlorate ions, and the
possibility of diffusion-migration of the electrogenerated Ru'"
species occurring within the solution phase in the droplet-
centred electrical double layer, under conditions of full
protonation of the liquid|liquid interface cannot be neglected.

To understand the reason for the non-instantaneous ECL
decay, consider the following approximation of the reaction
mechanisms, where we also include a non-radiative (NR)
decay; note we exclude third-body effects in the latter route.

kmlgralion

k
Ru'(aq) + oilR(l) =

k-1

0il%*(1) + Ru''x(aq)  (9a)

Ru'+(aq) —2— /v + Ru'l(aq) (9b)
Ru''x(aq) L Ru''(aq) (9¢)

Application of the steady-state hypothesis to Ru(bpy)s>**
(ignoring the transport-based loss of the ruthenium species
from the droplet-modified interface) results in the following
expression for the ECL signal intensity (S):

S o ko[Ru™] & ¢k [Ru™IMgiirea (10)

where ¢ is the quantum yield of the ECL (¢ = k»/(k2 + knr)),
and the reverse electron transfer is assumed to be kinetically
pathological, viz. k_i I oji0x < k> + kngr. Since the ECL signal
measures the decay of the excited state, the associated rate
constant (k,) is, under the approximation of negligible ionic
strength effects, and ignoring environmental influences,
independent of the solution pH. This means that the observed
decay stems from the pH-dependent bimolecular reaction
kinetics at the liquid|liquid interface. With the cessation of
electrolysis, Ru'™ is no longer regenerated after its reaction
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Fig. 7 Plots illustrating the fractional surface concentration (@) of
protonated (AH') and (@) deprotonated (A) OcsN. (a) 0.1 M
phosphate buffer solution, (1) @4, (O) Oan+; (b) 0.01 M phosphate
buffer solution, (A) @4, (&) Oan+; (c) 0.1 M sodium perchlorate with
0.1 M phosphate buffer solution, (x) @, (+) @ ap+. The points plotted
are average data, with the standard deviation marking the error bars.
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with the oil, causing the observed pseudo-first-order signal
decay, given the independence of the rate constant on the
aqueous Ru'' species concentration, viz. k = ¢k I'oyrea. The
pH-dependence thus merely reflects the slow kinetics of the
liquid|liquid proton-coupled electron transfer at low solution
pH, and its mechanism change when the surface is fully
deprotonated. Although it is not possible to determine the
activation free energy for this reaction, unless drastic
approximations are made, it is possible to calculate the fraction
of the interface that is protonated at each value of the solution
pH, thereby determining a true, thermodynamic value of the
biphasic pK, using the values extracted from the kinetics
measurements. Assuming that the most acidic conditions
employed herein corresponds to a fully protonated interface
(and so has a first order decay constant of kap+), that observed
at the most alkaline (solution pH 12.0) corresponds to a fully
deprotonated interface (with first-order decay constant of ku),
and that increases in the observed kinetics of the decay results
from the linear combination of kinetics due to fast reaction
between deprotonated oil and the electrogenerated oxidant, the
fraction of deprotonated amine can be deduced by solving the
following quadratic expression, estimating activity coefficients
using the extended version of the Debye—Hiickel Law
(viz. lg(fiuv) = (=0.5¢/D/(1 + /D), noting that aqueous
phosphoric acid has the following acid association constants*'
at 298 K: pK,; = 2.15, pK,, = 7.20, pK,3 = 12.35).%*

kAHJrf‘HJr ) @i (11)

k=kaOp + | ——2HTHT
(Kglphasw/roﬂhd

In this way, noting that @ g+ + @5 = 1, the plots given in
Fig. 7 can be constructed by solving eqn (11), using the
estimated biphasic pK, values obtained from Fig. 6 as an initial
guess of the true heterogeneous pK,, a new value for this pK,
can be obtained when O+ + @5 = 0.5. Use of this value
allows for successive, iterative refinement of the surfacial pK,. 1+

** The observed decay constant, k, is assumed to be split as follows.
k=K kD

= k= KUY g+ K5Iy

= k = klrue r 2A

g true
AH* KbiphasicfH‘ + kA I’
a

=k :%@AFA + kaOa

a
Eqn (11) follows from this.
+1 Eqn (11) also requires the assumption of the surface concentration
of redox sites, I’ OilRed. The experimental data were undertaken using
1.0 nmol of Oc;N. It is not unreasonable to assume the droplets are
hemispherical and uniformly distributed and with an average size (ro)
of 10 pm.?* Given that the density** of Oc;N is 0.81 g cm ™ at 298 K,
undiluted Oc;N exhibits a concentration of 2.3 M, and suggests that
the number of droplets on the electrode is on the order of 210. Further
assuming that the surface concentration in a thin outer “shell”, of
thickness d, and thus volume of 2mrod (ignoring terms in d> and
higher). The shell thickness may be calculated by first estimating the
self diffusion coefficient of Oc;N using the Wilke—Chang expression®?
(assuming a viscosity*? of 15 cP and association parameter of 1,
followed by the Stokes—Einstein expression to determine the “‘radius”
(r)) of Oc3N. d follows by noting d = 2ry. Accordingly, I'gjrea = 1.1 X
1071 mol ecm™2 This is, satisfyingly, on the order of magnitude
anticipated.

It is evident that these ‘“‘activity-corrected” biphasic pK,
determination plots vary little (within experimental error) on
the ionic media: the estimated biphasic pK, values are 11.2 + 0.1
(in 0.1 M phosphate buffer solution), 11.5 + 0.1 (in 0.01 M
phosphate buffer solution), and 11.3 £ 0.1 (in 0.1 M phosphate
buffer solution containing 0.1 M sodium perchlorate). At the
biphasic pK,, the surface electrostatic potential should be zero.
This latter term is readily determined using eqn (12), which
merely equates both approximations employed for the surface
proton activity in section 1.

kT
q0

1= {ln(@AFOilme+) + 2.303pH} (12)
The data (based on the average computed values given above)
are provided in Table 2, and suggest that y = 0 when the
aqueous solution pH is 10.8 (if it is composed of 0.1 M
phosphate buffer solution), 10.9 (if the concentration of
the phosphate buffer is 0.01 M) and 11.0 (if the electrolyte
is 0.1 M phosphate buffer solution with 0.1 M sodium perchlo-
rate added). These values are all in good agreement with the
estimated biphasic pK,, testifying to the validity of the use of
activity coefficient approximation detailed above.

Since the ECL signal depends on the surface concentration
as suggested by eqn (10), experiments were undertaken in
which the oil microdroplet phase consisted of the tertiary
amine dissolved in an organic solution. Two solvents were
considered: n-octane, and benzonitrile. These were chosen
given there are perceived differences in their interfacial
structure.'® Experiments were conducted as before, employing
only phosphate buffer solutions, and the first-order decay of
the ECL signal at the end of electrolysis was treated to
determine the first order rate constant. Fig. 8 illustrates the
dependence of this on the relative composition of the oil
mixture. It is apparent that above the biphasic pK,, as the
droplets are diluted, the reaction rate decreases, as anticipated
given the reduced surfacial concentrations of the redox
species. Moreover, comparison of the two solvents clearly
demonstrates that the reaction kinetics are slowed as the
interfacial hydrogen-bonding weakens.'® This distance-dependent
electron transfer is not wholly unexpected. In contrast, below
the biphasic pK,, the reaction kinetics apparently increase as
the oil phase is diluted with inert solvent, even though the
magnitude of these kinetics is smaller than in the strongly

Table 2 Dependence of the calculated electrostatic surface potential
(y) using eqn (12) on the solution pH

pH 2V LIV IV
2.5 n/a? n/a‘ 0.58
4.0 0.47 0.46 0.49
6.0 0.36 0.33 0.38
8.0 0.23 n/a’ 0.24

10.0 0.07 0.09 0.11

10.5 nj/a? 0.06 n/a’

11.0 —0.03 0.01 —0.01

11.5 n/a —0.06 n/a’

12.0 —0.11 —0.11 —0.11

“0.1 M phosphate buffer solution.” 0.01 M phosphate buffer
solution. 0.1 M sodium perchlorate + 0.1 M phosphate buffer
solution. “ n/a = Not measured.
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Fig. 8 Plots illustrating the dependence of the first-order ECL decay
constant with the normalised concentration of Oc;N (calculated
noting that a normalised concentration of 1.0 corresponds to an
Oc;N concentration of 2.3 M) present in the microdroplets (see text).
In all cases the solution pH merely consisted of 0.1 M phosphate buffer
solution; ECL data were obtained using a 3.0 mm diameter glassy
carbon disc electrode coated with 1.0 nmol Oc;N microdroplets
and immersed into the above aqueous solution containing 1.0 mM
Ru(bpy);>". Key: (x) octane solvent, solution phase at pH 10; (+)
octane solvent, solution phase at pH 12; () benzonitrile solvent,
solution phase at pH 10; (O) benzonitrile solvent, solution phase at
pH 12. Note that the axis scale is logarithmic.

alkaline solution case. If the ECL signal is via proton-coupled
electron transfer from the biphasic surface alone, then
these data trends may be understood by enhanced surface
concentrations of the amine c¢f. bulk droplet solution,
presumably driven by the minimisation of the interfacial
tension by protonation: the increased hydrogen bonding that
this affords may cause a large structure over which electron
transfer occurs, causing the latter process to be less
efficient. This is not unreasonable given similar suggestions
of self-assembly at liquid|liquid interfaces by Compton?® and
Girault.** Nevertheless, any competition between slow
proton-coupled electron transfer at the biphasic interface
and faster long-range outer-sphere electron transfer between
the aqueous phase and the bulk droplet solution cannot be
ruled out.

Conclusions

ECL at droplet-modified electrodes has been demonstrated,
and has been employed to extract information regarding the
molecular structure of the oillaqueous interface, and thus its
heterogeneous pK,, under appropriate assumptions. The
biphasic pK, for interfacial trioctylamine appears to be
ca. 11. This is satisfyingly close to values previously reported
for n-octylamine and dioctylamine (10.65 and 11.01,
respectively at 298 K) and dihexylamine (11.01 at 298 K) in
ethanol-water mixtures,*> and of aqueous triethylamine and
tripropylamine (10.9 and 10.4, respectively at 298 K).*° The
consistency of these data with those implied by the pH
dependence of the cyclic voltammograms of the oil microdroplets
is pleasing. In part, the sensitivity of the ECL technique relies
on subtleties in the mechanism for the biphasic electron
transfer process: above the biphasic pK,, outer sphere electron
transfer occurs; below the biphasic pK,, proton-coupled

electron transfer appears to dominate. This latter process
appears to be kinetically sluggish presumably due to a larger
reactant separation, augmented intrinsic barrier due to the
N-H bond dissociation and proton reorganisation energy, and
offset by possible proton tunnelling. Extension of the
semi-empirical theories of electron transfer at the liquid|liquid
interface'®!” to encompass the proton-coupled -electron
transfer'**>® is required when convoluted with diffusion-
migration mass transport processes for this particular geometry
(to account for any effects within the droplet electrical double
layer), to extract the relevant physicochemical dynamics
responsible for the ECL interfacial kinetics from these data,
and to rationalise kinetic isotope effects not detailed herein.
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