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Electrochemiluminescence (ECL) is superior to photolumines-
cence (PL) in terms of sensitivity and intrinsically low noise.1

Nowadays almost only Ru(bpy)3
2+ based ECL labels are used in

bioanalysis.1d,e,h In fact, although many Ir(III) neutral complexes
are known to be ECL active in a nonaqueous environment2 often
with a degree of efficiency much higher than Ru(bpy)3

2+, their use
has been restricted by their very low solubility and sensitivity to
oxygen quenching. Biological systems have been supremely suc-
cessful in overcoming the limitations of aqueous media by
developing complex, organized structures at the nanoscale level.
Similarly, Dye Doped Silica Nanoparticles (DSN), which conjugate
crucial features such as low toxicity, simple preparation and low
cost, are a possible approach to create water-soluble multifunctional
systems,3 providing the means for dramatically improving the
performance of ECL labels. We report here for the first time the
ECL emission of Ir(pq)2acac-doped silica nanoparticles (Ir-DSN)
in aqueous buffer solutions.

In particular, we implemented the direct micelles assisted
method4 to obtain core-shell/silica-polyethyleneglycol nanopar-
ticles. We found that this strategy can be very versatile for the
preparation of stable luminescent nanoparticles doped with highly
hydrophobic materials. With a low doping degree in fact, a number
of luminescent guest molecules can be irreversibly hosted into the
inner compact nanoparticles silica core (see Scheme 1). These dye
doped nanoparticles are made of a silica core and a PEG
(polyethyleneglycol) outer shell able to confer sterical stabilization
to the particles.5 Ir(pq)2acac (see Scheme 1 and Figure S1 in the
Supporting Information (SI)) was selected as the doping material
mostly due to the highly intense ECL emission in acetonitrile/
tripropylamine (TPA) solutions.2i After Ir-DSN preparation, the
irreversible inclusion of the dye was proved by means of extensive
ultrafiltration6 or dialysis experiments. Moreover, extraction pro-
cedures carried out in a water/2-octanol system were unsuccessful
in the removal of the lipophilic Ir(pq)2acac dye from the aqueous
nanoparticles solution, excluding the presence of the iridium
complex in the PEG stabilizing shell. In addition, the high
polarization value (r ) 0.15) of the luminescence found for the

nanoparticles offers further support for the localization of the
luminophores in the inner rigid silica core (see SI).7

Hydrodynamic diameter distribution was determined by Dynamic
Light Scattering (DLS) revealing a value of ∼25 nm (see Figure
S2 in the SI), while a silica core diameter of ∼10 nm for the Ir-
DSN was estimated by trasmission electron microscopy (TEM)
(Figures S3 and S4 in the SI) and atomic force microscopy (AFM)
measurements (Figures S8 and S9 in the SI). The AFM imaging
and analysis of the tapping mode and phase-imaging mode show
the morphology of the nanoparticles, highlighting the different
viscoelastic properties of the soft PEG-shell and the harder silica
core, as analogously observed in hybrid organic-inorganic nano-
composites.8 The stability of the nanoparticles solution was
monitored for up to 6 months after preparation, revealing morpho-
logical features and photophysical properties unaltered.

The Ir-DSN absorbance and photoluminescence spectra were
similar to those of free Ir(pq)2acac in methanol. The luminescence
quantum efficiency of Ir(pq)2acac inside Ir-DSN is enhanced by
∼30% with respect to the free dye in an aerated methanol solution
as shown by the long average lifetime found (1380 ns), a value
very close to the one obtained for the complex in a deaerated
methanol solution (1545 ns vs 72 ns in aerated solutions; see Table
S1 in the SI).

Scheme 1. Schematic Structure and Preparative Steps of Ir-DSN

Figure 1. Light (a) and current (b) potential profile of a Ir(pq)2acac doped
silica nanoparticles solution in phosphate buffer 0.3 M containing 30 mM
DBAE. The ECL emission was registered during a CV with E1 ) 0 V, E2

) +1.6 V and scan rate ) 0.2 V/s. Working electrode: 2 mm diameter Pt
disk. Potentials are vs Ag/AgCl. The colors black and red indicate the first
and second voltammetric cycle, respectively.
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To perform a preliminary electrochemical characterization 200
µL of the Ir-DSN prepared solution were diluted with 100 µL of a
1 M phosphate buffer (pH 7.5). Thus, the Ir-DSN concentration
was kept as high as possible.9

The cyclic voltammogram of such a solution did not show any
oxidation process before solvent discharge. The oxidation of Ir(III)
inside silica nanoparticles, as Ru(bpy)3

2+, was not electrochemically
visible10 because of the concentration of the complex (∼10-5 M)
and the low diffusion coefficient of the nanoparticles.10 The ECL
emission was generated by using 2-(dibutylamino)ethanol (DBAE)
oxidative coreactant. This compound was preferred to tripropy-
lamine because it is less toxic, is more water-soluble, and gives a
more intense ECL signal.11 DBAE was added to the Ir-DSN
solution at 30 mM concentration. The typical synchronized light/
current/potential profile is shown in Figure 1. The voltammetric
profile (Figure 1b) is dominated by the irreversible oxidation of
DBAE11 and, eventually, by a residual amount of chloride.

The ECL intensity vs potential (Figure 1a) shows interestingly
two maxima; the first (marked I) of minor intensity is observed in
correspondence to DBAE oxidation, i.e. at ∼ +0.85 V vs Ag/AgCl.
The second maximum of higher intensity falls at ∼ +1.35 V. The
peak is very broad and positively shifted with respect to the
Ir(pq)2acac oxidation potential in MeCN. (∆V ≈ +0.1-0.2 V).2i

On the other hand, the relatively intense emission and the potential
dependence are a clear demonstration that electron hopping occurs
even if Ir(III) centers are confined in a silica insulating matrix.10

The ECL spectrum of Ir-DSN (Figure 2) is coincident with the
photoluminescence spectrum of the Ir(pq)2acac complex in solution
(Figures S5 and S6 in the SI), allowing us to unquestionably assign
the ECL light emission to the Ir(pq)2acac* species.

The route of excited state generation is compatible with that
currently established for the TPA/Ru(bpy)3

2+ system.1,10 Two
different mechanisms are active in correspondence to the DBAE
and Ir(pq)2acac oxidation potential according to Scheme S1 (in the
SI).

By comparing the light profile during the first (Figure 1a, black
line) and second scan (red line), it is clear that while in the former
the two mentioned mechanisms are active, in the latter only direct
Ir(pq)2acac oxidation occurs. This behavior can be understood by
observing the corresponding current profiles (Figure 1b) that show
a neat area decrease in the second cycle. The inactivation of the
lower potential mechanism is associated with passivation of the

electrode surface with either Pt oxides or DBAE electrogenerated
filming products easily removable by cathodic preconditioning.

In conclusion, we have demonstrated the possibility to obtain
stable ECL emissions in aqueous solutions from completely an
insoluble neutral Ir(III) complex inside silica-PEG nanoparticles.
Considering the flexibility of the silica-PEG nanoparticles archi-
tecture, this is a promising way to obtain a great number of water-
soluble ECL materials. We are now applying the methodology to
a number of Ir(III) complexes and hydrophobic organic emitters
to enhance ECL emission intensity and tune effectively the color
of these high-potential labeling materials.
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Figure 2. ECL spectra of Ir-DSN in phosphate buffer 0.3 M solution
containing 30 mM DBAE. Emission was registered at 25 nm interval during
double step potential program: conditioning potential: -1.0 V for 15 s, E1

) +1.8 V (vs Ag/AgCl) for 3 s. PMT bias 750 V.
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