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bstract

Immobilisation of a luminescent material on an electrode surface is well known to substantially modulate its photophysical and electrochemical
roperties. Here a positively charged ruthenium metal complex ([Ru(bpy)3]2+) is immobilised on all electrode surface by ion paring with a sulfonated
onducting polymer poly(2-methoxyaniline-5-sulfonic acid), (PMAS). Significantly, our study reveals that the electron transport between the
uthenium metal centres can be greatly enhanced due to the interaction with the conducting polymer when both are surface confined. Charge
ransfer diffusion rates in the present system are an order of magnitude faster than those found where the metal centre is immobilised within
non-conducting polymeric matrix. Electron transport appears to be mediated through the PMAS conjugated structure, contrasting with the
lectron hopping process typically observed in non-conducting metallopolymers. This increased regeneration rate causes the ruthenium-based
lectrochemiluminescence (ECL) efficiency to be increased. The impact of these observations on the ECL detection of low concentrations of
isease biomarkers is discussed.

2007 Published by Elsevier Ltd.
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. Introduction

Chemically modified electrodes have been of interest because
f their potential in electrocatalysis and other applications where
eliberate control of the electrode–solution interface is desir-
ble. The use of polymers as supports for confining transition
etals at the electrode–solution interface is well known [1,2].
olypyrroles containing coordinated metal complexes are an
ttractive approach to forming interfacial metallopolymer films
ince the � conjugated backbone can provide a rapid electron

ransfer pathway between the metal complex and the electrode
2–5]. Here we explore an alternative approach that simply
nvolves the incorporation of the ruthenium metal centre by
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on pairing with sulfonate groups of poly(2-methoxyaniline-5-
ulfonic acid), (PMAS).

Sulfonated self-doped polyaniline has been extensively stud-
ed due to its unique electrochemical properties, water solubility,
mproved processability and potential industrial applications
6–8]. PMAS is a fully sulfonated conducting polymer that has
een synthesised by chemical and electrochemical polymerisa-
ion of 2-methoxyaniline 5-sulfonic acid, MAS [9,10]. In-depth
haracterisation of the electrochemical and photochemical prop-
rties of these two distinctive fractions have also been reported
11].

The ability of conjugated linkages to provide an effective
athway for the electron transfer between metal centres has

een demonstrated in a number of polymeric systems. Zotti
t al. [12] have shown that electron transfer rates between
etal centres in substituted polythiophenes, with pendant fer-

ocene moieties, is enhanced when a conjugated linkage is used.

mailto:Robert.Forster@dcu.ie
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ameron and Pickup [4,5] have also shown that coordination of
uthenium moieties to a conjugated polybenzimidazole provides
rapid electron transfer pathway by superexchange interactions
etween metal centres. However, this increased electron transfer
id not translate into enhanced luminescence of the ruthenium
oiety, presumably due to the energy/electron transfer processes

rom the excited state of the metal complex to the polymer
epresents a competing radiationless decay pathway.

Significantly, PMAS can form novel composites via the
nionic SO3

− functionality ion pairing with the cationic
Ru(bpy)3]2+ fluorophore. Earlier studies have focused upon
uminescent [Ru(bpy)2]2+ moieties covalently bound to a
oly(4-vinyl-pyridine) backbone at statistical separations of the
rder of 50 Å [13]. Unlike these PVP-based metallopolymers,
he PMAS–[Ru(bpy)3]2+ composites offer greater synthetic flex-
bility as well as increased charge transport rates due to both
hysical diffusion and the electronically conducting properties
f the backbone. These properties uniquely enable the develop-
ent of advanced diagnostic devices based on the luminescent

etection of analytes including proteins and DNA biomarkers
ince more rapid electrochemical production of the Ru3+ state
ught to produce a greater total emission intensity per unit time
14]. ECL represents a powerful analytical approach that com-
ines simple equipment with inherent sensitivity, selectivity, and
wide linear dynamic range for amine containing analytes, such
s alkylamines, NADH, hydrazine, amino acids, biomolecules
nd a variety of pharmaceutical compounds [15–19]. ECL usu-
lly involves the reaction of electrogenerated species that react
o form excited states, usually via an energetic redox reaction
19]. Thus, ECL can also be utilised to probe electron and energy
ransfer processes at electrified interfaces [20,21]. Consequently,
ncreasing and improving the ECL efficiency could advance the
ensitivity ranges and expand the dynamic range of current ECL
ystems.

We have recently reported that oxidation of guanines in DNA
y electrochemically generated [Ru(bpy)2(PVP)10]2+ in ultra-
hin films leads to photoexcited [Ru(bpy)2]2+* sites in the film,
enerating an ECL signal upon relaxation back to the ground
tate [22]. This thin-film ECL approach has been exploited to
etect DNA damage induced by styrene oxide. The reaction was
nitiated by an electrochemical catalytic oxidation of guanine
ites in DNA in a way that is similar to that reported by Thorp and
o-workers [23] for Ru(bpy)3

2+ in solution. By enhancing the
CL or luminescent efficiency of the ruthenium moiety through

nteractions with a conducting polymer, the sensitivity of this
ype of ECL sensors could be dramatically improved. Within
his contribution, however, we will focus on the production of
ight from the reaction of ruthenium metal centres with oxalate,
imilar to that described by Hogan and co-workers [13,24].

It is known that when [Ru(bpy)3]2+ is oxidized in a solution
ontaining C2O4

2− the following reaction takes place and ECL
s observed [25,26]:

2+ 3+ −
u(bpy)3 → Ru(bpy)3 + e (1)

u(bpy)3
3+ + C2O4

2− → Ru(bpy)3
2+ + CO2 + CO2

•− (2)

u(bpy)3
2+ + CO2

•− → Ru(bpy)3
+ + CO2 (3)

c
t
d
o
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u(bpy)3
3+ + Ru(bpy)3

+ → Ru(bpy)3
2+∗ + Ru(bpy)3

2+ (4)

u(bpy)3
3+ + CO2

•− → Ru(bpy)3
2+∗ + CO2 (5)

u(bpy)3
2+∗ → Ru(bpy)3

2+ + hν (6)

Similar processes occur within metallopolymer films
eposited on metallic electrodes containing pendant Ru(bpy)2

2+

entres [13]. The [Ru(bpy)2(PVP)10]2+ films contain ruthe-
ium centres that are electrochemically isolated, while in
PMAS–Ru(bpy)2

2+ composite an electrochemically active
ackbone provides a mechanism for communication between
djacent ruthenium centres absence in the systems discussed
bove. The effect of an electronically conducting polymer on the
CL response, charge transport and photochemical properties of
metal centre are examined in this contribution.

. Experimental

.1. Materials and reagents

[Ru(bpy)3]2+ was synthesised according to a literature
ethod [27]. The metallopolymer, [Ru(bpy)2PVP10](ClO4)2,
as prepared as described previously [28]. PMAS synthesis has
een reported previously for both chemical and electrochem-
cal synthesis methods [9]. MAS was provided by Mitsubishi
ayon, Japan and purified by acid base crystallisation before
olymerisation.

.2. Apparatus

Absorbance and photo-luminescence were recorded using
Shimadzu UV-1601 spectrophotometer and a JY Spex fluo-

escence spectrophotometer, respectively. Fluorescence lifetime
tudies were made on a PicoQuant PDL-800B pulsed diode
aser controller and FluoTime 100 time-correlated single pho-
on counting system (TCSPC) with 280, 370 and 450 nm pulsed
aser sources with cut-on filters of 400, 475 and 530 nm. TCSPC
nalysis was preformed using PicoQuant FluoFit software. Sam-
les were deoxygenated for approximately 20 min with nitrogen
rior to analysis. All other electrochemical experiments were
arried out using a 3 or 2 mm diameter platinum or glassy carbon
orking electrode in a conventional three-electrode assembly.
otentials are quoted versus Ag/AgCl and all measurements
ere made at room temperature.
Cyclic voltammetry analysis was made with a CH Instru-

ents Model 660 electrochemical analyser. All potentials were
ade with respect to a 3 M Ag/AgCl reference electrode unless

therwise stated. Measurements involving simultaneous detec-
ion of light and current utilised a model 273 (Princeton)
otentiostat and an Oriel 70680 photomultiplier tube (PMT)
quipped with a high voltage power supply, (Oriel, model
0705), which was used at a bias of −850 V, and ampli-
er/recorder (Oriel, model 70701). During experiments the

ell was placed inside a specially constructed holder, where
he working electrode is positioned in a reproducible manner
irectly opposite the face of a fibre optic bundle, the other end
f which was coupled to the PMT. The entire electrode assem-
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Fig. 1. Typical cyclic voltammograms of thin films of, (a) [Ru(bpy)2(PVP)10]2+

and (b), Ru–PMAS following film formation on glassy carbon electrodes.
Electrolyte was 0.1 M H2SO4, and a scan rate of 100 mV s−1 was used. The sur-
face coverages were (2.4 ± 0.7) × 10−9 mol cm−2 for the [Ru(bpy)2(PVP)10]2+
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rate, as shown in Fig. 2. It was also evident that at lower scan
rates, the peak-to-peak separation, �Ep, did not become zero.
This behaviour has been previously observed for related mono-

Table 1
Typical formal potentials and diffusion coefficients, Dct, of the various ruthenium
films used during this study

Composite Dct (cm2 s−1) E0 (Ru2+/3+) V vs. Ag/AgCl

[Ru(bpy) (PVP) ]2+a 1.68 × 10−9 1.19
L. Dennany et al. / Electroch

ly was contained inside a light-tight box. Acquisition, handling
nd display of the signals from the potentiostat and PMT were
chieved using a data acquisition card (National instruments
ab-PC-1200) and a custom programme written in LabviewTM.

Scanning electron microscopy (SEM) was performed using
Hitachi S-3000N variable pressure system. All images were

ecorded at a chamber pressure of 20 Pa and accelerating volt-
ges of 5–20 kV were employed. Energy dispersive X-ray, EDX,
nalysis was also performed.

.3. Composite synthesis

Electropolymerisation of the Ru–PMAS composite was pre-
ormed by cyclic voltammetry over a potential range of −200
o 1300 mV, at a scan rate of 50 mV s−1, which involves the in
itu oxidation of the MAS and growth on subsequent cycles,
or a minimum of 10 cycles. Electrosynthesis was performed
n an electrolyte that contained 5 mM MAS monomer, pH
.4, and 2 mM [Ru(bpy)3]2+. Films were electrodeposited onto
t, glassy carbon, or ITO working electrodes. These modi-
ed electrodes were then washed (Milli-Q water) and allowed

o dry overnight prior to analysis. Post synthesis characterisa-
ion was performed in 0.1 M H2SO4 solution unless otherwise
tated. Surface coverages of the composite films, Γ , were deter-
ined by graphical integration of background corrected cyclic

oltammograms (<5 mV s−1). The surface coverage varied from
2.0 ± 4.2) × 10−9 to (6.9 ± 4.2) × 10−9 mol cm−2.

For comparison purposes, thin films of [Ru(bpy)2(PVP)10]2+

ere prepared by drop casting. Where appropriate, working
lectrodes were modified by applying a drop (≈200 �L to ITO
lectrode and ∼30 �L onto a glassy carbon electrode) of a 1.0%
thanolic solutions of [Ru(bpy)2(PVP)10]2+, with typical surface
overages of (2.4 ± 0.7) × 10−9 mol cm−2.

. Results and discussion

.1. Electrochemical properties of the novel
Ru(bpy)3]2+–PMAS composites

Electrochemically polymerised Ru–PMAS films were visibly
niform. Similarly uniform films are obtained by evapo-
ating controlled volumes of a 1% (w/v) solution of [Ru
bpy)2(PVP)10]2+ from ethanol on to glassy carbon electrode.
ypical cyclic voltammograms obtained for composite films of
Ru(bpy)2(PVP)10]2+ and Ru–PMAS following composite film
ormation versus Ag/AgCl are shown in Fig. 1. The voltammet-
ic behaviour of PMAS has been reported previously [10], as
ave with independent studies characterising PVP films con-
aining ruthenium moieties [22]. Surface coverages, Γ , were
alculated by graphical integration of background corrected
eaks associated with the Ru2+/3+ process at approximately 1.1 V
29] using slow scan rates (<5 mV s−1). For the Ru–PMAS
omposite, Γ was (6.9 ± 4.2) × 10−9 mol cm−2, while for the

Ru(bpy)2(PVP)10]2+ film it was (2.0 ± 1.0) × 10−9 mol cm−2.

The formal potential of both the Ru2+/3+ couple are shown in
able 1. PMAS exhibited typical anodic and cathodic behaviour,
hich were attributed to leucoemeraldine to emeraldine and

[
R

0

lm and (2.0 ± 4.2) × 10−9 to (6.9 ± 4.2) × 10−9 mol cm−2 for the Ru–PMAS
omposite. Cyclic voltammograms were recorded over the range −0.1 ≤ E
volts) ≥ 1.4 with the CV starting at −0.1 V.

meraldine to pernigraniline redox transitions, respectively.
owever, the redox transitions were not resoluble when the films
ere grown in the presence of the ruthenium complex.
The ruthenium peak current in the PMAS composites var-

ed linearly with scan rate, ν, up to 30 mV s−1 indicating that
he response was controlled by finite charge transport diffusion
n these long timescales. At shorter experimental timescales,
.e., at scan rates between 100 and 500 mV s−1, the thickness
f the depletion layer was smaller than the film thickness and
he peak current varied linearly with the square root of scan
2 10

Ru(bpy)2(PVP)10]2+ 1.16 × 10−11 1.05
u–PMAS 3.11 × 10−10 1.02

.1 M H2SO4 was used as supporting electrolyte.
a The values quoted here are for solution phase results.
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Fig. 2. Scan rate dependency for Ru–PMAS, (Γ = (2.0 ± 4.2) × 10−9 to
( −9 −2 −1

s
p
c

l
a
a
w
i
f
t
c
c

3

t
fi
a
D
u
r

i

v
c
p

[
a
s
a
e
a
s
(
e
i
L
n
t
t
i
t
m
l
t

a
t
c
t
P

t
2
d
t
a
[
fi

t

m
l

3

a
i
t
f
fi
s
a
T
P

6.9 ± 4.2) × 10 mol cm ), in 0.1 M H2SO4, 100 < ν < 500 mV s . Insert
hows Randles–Sevich plot for this data, after background corrections had been
reformed on each individual cyclic voltammogram to remove the background
urrent.

ayers [30] and thin polymer films [24,31,32] and most likely
rises from unusual quasi-reversibility [33]. For both the PVP
nd PMAS systems, the full width at half-maximum (FWHM)
as close to the theoretical value of 90.6 mV typical of a reaction

nvolving the transfer of a single electron. However, some “dif-
usional” tailing was also evident. While the response appeared
o be influenced by both finite and semi-infinite linear diffusion
ontrol, the results were indicative that the ruthenium moiety
ould be electrochemically reversibly cycled.

.2. Electron transfer processes within the composites

The sensitivity of an ECL sensor was dictated in part by
he rate at which the Ru3+ sites are regenerated within the
lm. The rate of charge movement through the film is char-
cterised by the charge transport apparent diffusion coefficient,
ct. This parameter can be obtained from a plot of ip versus ν1/2

nder semi-infinite linear diffusion controlled conditions. This
esponse is described by the Randles–Sevcik equation, (Eq. (7)):

p = 2.69 × 105n3/2AD
1/2
ct ν1/2C (7)
Electron transport in redox polymers has been shown to occur
ia at least three mechanisms [34]. Where the backbone in non-
onducting, outer-sphere electron exchange between redox sites
rovides the only significant contribution to electron transport

b
R
l
o
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35,36]. In highly conjugated systems, electron transport can
lso occur through the polymer backbone by mediated and/or
uperexchange mechanisms [37]. These are distinguished by the
vailability of redox states within the polymer that have suitable
nergy to mediate electron transport. If such states are avail-
ble, the electron can hop between a localised metal-based redox
ite, a polymer-based site, and a second metal site in two steps
mediated mechanism). If these states are not accessible, then
lectron transfer through the backbone must result from a mix-
ng of appropriate orbitals of both metals with the HOMO and/or
UMO of the backbone (superexchange). Although the ruthe-
ium metal centre was not coordinated to the PMAS backbone,
he conducting backbone may play a similar role in electron
ransport within the composite structure. Importantly, PMAS is
n its electronically conducting form at the formal potential of
he Ru couple, making mediated electron transfer process the

ost likely mechanism. In all cases, plots of ip versus ν1/2 were
inear and Dct values were obtained from the slopes according
o Eq. (7) using a ruthenium concentration of 0.6 M.

Table 1 contains the Dct values for the PMAS composite
nd the [Ru(bpy)2PVP10]2+ metallopolymer. This table shows
hat the diffusion coefficient calculated for the ruthenium redox
ouple with the composite is approximately an order of magni-
ude larger ((3.1 ± 0.8) × 10−10 cm2 s−1) than that found for the
VP-based system ((1.2 ± 0.4) × 10−11 cm2 s−1).

Based on a maximum fixed site concentration of 0.6 M,
he minimum dry film thickness (δ), was approximately
× 10−9 mol cm−2. Using the homogeneous charge transport
iffusion coefficient in conjunction with the Eq. (8) indicated
hat the time taken to fully oxidize the layer and regener-
te the Ru3+ mediating centres was approximately 10 s for a
Ru(bpy)2(PVP)10]2+ film and 5 s for the PMAS composite
lms.

= δ2

πDCT
(8)

This faster regeneration of the Ru3+ species in the composite
ay lead to a more intense ECL generation and hence a lower

imit of detection.

.3. Steady state luminescence of composites

Typical emission responses of PMAS, [Ru(bpy)2(PVP)10]2+

nd the composite film when excited at 355 nm are shown
n Fig. 3. It is important to note that the Ru composition of
he films was analysed by EDX and the emission normalized
or the %ruthenium metal centres present in the composite
lms. Significantly, the Ru–PMAS composite exhibits emis-
ion at approximately 610 and 520 nm, i.e., both a ruthenium
nd substantially weaker PMAS-based emission are observed.
his observation indicates that efficient energy transfer from the
MAS to ruthenium does not occur suggesting weak interaction

etween the two components in the excited state. Moreover, the
u-based emission with the PMAS composite was significantly

ower than that found for the PVP-based metallopolymer. This
bservation is surprising given that the excited state lifetime of
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Fig. 3. Typical luminescence spectra for thin films of (a) [Ru(bpy)2(PVP)10]2+,
(b) PMAS and (c) Ru–PMAS on ITO electrodes. An excitation wavelength of
3
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Fig. 4. Typical transient emission spectra for thin films of (a) [Ru
(bpy)2(PVP)10]2+ and (b) electrochemically grown Ru–PMAS on ITO elec-
t
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T
sors since the presence of the PMAS leads to a faster turnover of
the Ru3+ species that ultimately leads to emission after interact-
ing with a suitable co-reactant such as guanine, tripropyl amine
or oxalate. However, a decreased lifetime will directly affect

Table 2
Typical excited state lifetimes, τ, for the various ruthenium films used during
this study

Composite τ1 (ns) (%τ1) τ2 (ns) (%τ2)

[Ru(bpy)2(PVP)10]2+a 365
[Ru(bpy)2(PVP)10]2+ 170 (70) 65 (30)
55 nm was utilised. (a) and (c) relate to the primary axis while the other plot,
b), is against the secondary axis. The surface coverages were all approximately
4.9 ± 1.2) × 10−9 mol cm−2.

he [Ru(bpy)3]2+ moiety is approximately three times longer
han the [Ru(bpy)2PVP10]2+ luminophore. This behaviour may
rise due to the strong absorbance by the PMAS at the excita-
ion wavelength of 355 nm [38]. Alternatively, the PMAS may
ct as an electron transfer quencher of the ruthenium excited
tate.

.4. Luminescence lifetimes of composites

The luminescent lifetime can provide useful insights into the
tructure of the metallopolymer film and on the excited state
lectron transfer processes, e.g., Ru2+* + Ru3+ → Ru3+ + Ru2+.
ig. 4 illustrates emission transients obtained using TCSPC
or thin films of [Ru(bpy)2 (PVP)10]2+, and the Ru–PMAS
ractions (Γ = (2.1 ± 0.2) × 10−9 mol cm−2) deposited on ITO
lectrodes in contact with 0.1 M H2SO4, following excitation
t 355 nm with the emission detection centred at 620 nm. In
ontrast, to the single exponential decays observed for the met-
llopolymer dissolved in solution, thin films of both the PVP
etallopolymer and PMAS composite exhibit a more com-

lex decay characterised by least two time-constants. For the
Ru(bpy)2(PVP)10]2+ film, the luminescent decay was charac-

erised by short and long-lived components that have lifetimes
f 170 ± 9 (population fraction of 0.7) and 65 ± 6 ns (popula-
ion fraction of 0.3), respectively. The [Ru(bpy)3]2+ complex
issolved in solution also exhibits a single exponential decay

R

T
s

rodes. An excitation wavelength of 370 nm was utilised. The insert shows the
orresponding semi-log intensity vs. time plots. The surface coverages were all
pproximately (4.9 ± 1.2) × 10−9 mol cm−2.

f ∼625 ns. When immobilised within PMAS, [Ru(bpy)3]2+

xhibits double exponential decay behaviour and consistent with
ts reduced emissions, the lifetime of the longest-lived compo-
ent is almost an order of magnitude smaller than that found for
he complex in solution. The percentage amplitude of the sepa-
ate components and the luminescence decays of the ruthenium
omposite films are shown in Table 2. The reduced lifetime of
Ru(bpy)3]2+ within PMAS was entirely consistent with quench-
ng of the luminophore by the conducting polymer backbone.
his observation is important for the development of ECL sen-
u–PMAS 69 (40) 22 (60)

he percentage amplitude for each of the components of the lifetime is also
hown.
a The values quoted here are for solution phase results.
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Fig. 5. Potential dependence of current and emission intensity of (a) [Ru
(bpy)2(PVP)10]2+ modified electrode and (b) Ru–PMAS composite modified
electrode in 0.4 M Na2SO4 solution containing 50 mM Na2C2O4 (pH 4.7). Scan
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ate of 100 mV s−1. The surface coverages were (2.4 ± 0.7) × 10−9 mol cm−2

or the [Ru(bpy)2(PVP)10]2+ film and (2.0 ± 4.2) × 10−9 for the Ru–PMAS
omposite.

he emission intensity but may be useful for some applications
ince it will reduce the sensitivity of the material to oxygen
uenching.

.5. Electrochemiluminescence properties of composite
lms

Fig. 5 illustrates the potential dependent current and emission
ntensity responses for the PVP and PMAS modified electrodes
n 0.1 M H2SO4 solution containing 10 mM Na2C2O4 (pH 4.7)
s the co-reactant. At the unmodified electrode, anodic current
as observed to flow at potentials more positive than +1.15 V.
his value was significantly more positive than the standard

edox potential of oxalic acid of −555 mV under equivalent
onditions [39]. For both systems the current response cen-
red at +1.16 V and was significantly enhanced compared to that
bserved at the bare working electrode or at a modified working
lectrode in the absence of oxalic acid. The observed current
nhancement was a direct result of the mediated oxidation of
xalic acid by Ru3+ centres within the film.

For the modified electrodes, the onset of light emission coin-

ided closely with the onset of oxidative current at the potential
here the Ru3+ species was generated. This behaviour was con-

istent with oxalate reducing the electrogenerated Ru3+ species
o the excited state reduced product Ru2+* which then relaxes to
Acta 53 (2008) 4599–4605

he electronic ground state via emission (Eqs. (1)–(6)). Despite
he optically induced emission being weaker for the PMAS than
or the PVP system, the PMAS produces the most intense ECL
mission intensity. This behaviour arises because ECL does not
uffer from the self-absorbance observed in the optically driven
mission investigations presented in Fig. 3. The increase in ECL
ntensity of the PMAS composite compared to the PVP-based

etallopolymer arises from the ability of PMAS to facilitate
aster production of Ru3+ within the film.

However, the enhancement was not as great as expected given
he observed Dct. This may, in part, be due to non-uniform dis-
ribution of Ru centres within the composite structure. Closely
acked Ru centres may quench the emission via a self-quenching
echanism, previously described for [Ru(bpy)2(PVP)10]2+

lms whereby this effect was minimized by the synthetic
rocedure [13]. Further investigations into the growth of the
u–PMAS composite films will provide additional insight to
evelop methodologies for minimizing self-quenching.

. Conclusion

A novel composite between the electronically conduct-
ng polymer, poly(2-methoxyaniline-5-sulfonic acid) and
Ru(bpy)3]2+ is reported. Cyclic voltammetry and emission
nvestigations reveal that while the PMAS supports more
apid charge propagation within the composite, self-absorbance
nd electron transfer quenching cause the optically driven
mission to be weaker than in a model metallopolymer,
Ru(bpy)2PVP10]2+ where the polymer backbone is non-
onducting. Significantly, ECL investigations reveal that the
nhanced electron transport between ruthenium metal cen-
res within the PMAS composite produces an enhanced ECL
mission. This result highlights a key issue in the design of
CL-based sensors in that the ECL intensity is controlled by a
eries of interlinked processes and that changing the properties
f one component, e.g., the polymer backbone by increasing the
fficiency of one aspect while decreasing another.
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