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Abstract
We examined the emission spectral properties of [Ru(bpy)3]2+ in a thin film of polyvinyl alcohol
coated on quartz slides or on metallic silver particles. The relative intensities were several fold higher
on the surface containing silver particles, and the decay times were several fold smaller. These results
are consistent with an approximate 20-fold increase in the radiative decay rate of [Ru(bpy)3]2+ when
near metallic silver particles. These results suggest the use of silver particles for increased
detectability of the emission from transition metal–ligand complexes.

1. Introduction
We have recently reported the effects of metallic silver particles on nearby fluorophores [1,
2]. The conducting metallic surfaces change the photon mode density near the fluorophores
and thus their emissive spectral properties of nearby fluorophores [3]. One remarkable
consequences of the interaction is a potential increase in the radiative decay rate of a
fluorophore. This rate is determined by the extinction coefficient of the fluorophore [4] and is
typically insensitive to the local environment, similar to the absorption spectra. Our experiment
studies [2] have demonstrated apparent increases in quantum yield and decreased lifetime near
silver particles, which is consistent with increases in the radiative decay rates.

We are not aware of studies of the effects of silver particles on metal–ligand complexes. In the
present report we extended these studies to the transition metal–ligand complex [Ru
(bpy)3]2+, where bpy is 2,2′-bipyridyl. Complexes of Ru, Re and Os with diimine ligands have
been extensively studied for use in solar energy conversion. Additionally, these compounds
are used for electrochemiluminescent assays in macromolecular systems [5,6] and more
recently as luminescence probes in biochemistry, biophysics and biotechnology [7–11]. These
applications of metal–ligand complexes (MLCs) are valuable because of the long luminescent
decay times of the MLCs, which vary from 10 ns to 10 μs [12,13]. Because of these important
applications of MLCs to biochemistry and biotechnology, and the growing interest in the
applications of metal-enhanced fluorescence [14,15], we examined the intensities and lifetimes
of [Ru(bpy)3]2+ near silver particles.

2. Materials and methods
2.1. Surface preparation and silver island films

Quartz slides were used as substrates. The use of quartz provided UV transmission and less
autofluorescence than glass. The quartz slides were soaked in a 10:1 (v/v) mixture of H2SO4
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(95–98%) and H2O2 (30%) overnight before silver deposition, washed with distilled water,
and air-dried prior to use. Silver island films (SIFs) were deposited by reduction of silver nitrate
with D-glucose, as described previously [2,16]. Half of the slide area was covered with the
SIF. The unsilvered half was used as the control. The entire slide was coated with [Ru
(bpy)3]2+ in a polyvinyl alcohol (PVA) film. The PVA film was prepared by spin coating at
5000 rpm for 2 min a 1 mM solution of [Ru(bpy)3]2+ in 0.2% PVA (Aldrich, MW 16 000–23
000) in water.

2.2. Fluorescence measurements
Our sample configuration is shown in Fig. 1 (top panel). The slide was placed in a quartz cuvette
with a sealed top which allowed flushing with the desired gas, as described in [17]. Emission
spectra were obtained using a Varian Eclipse spectrofluorometer using 465 nm excitation.
Intensity decays were measured in the frequency- domain using instrumentation described
previously [18] using an amplitude-modulated blue LED as the excitation source. The LED
output was filtered to obtain 450–480 nm. The emission was observed through a combination
long pass 550 nm filter and a 610 ± 20 nm interference filter.

For frequency-domain measurements the excitation was vertically polarized and the emission
observed through a polarizer oriented at 54.7° from the vertical position. The FD intensity
decay were analyzed in terms of the multi-exponential model

(1)

where τi are the lifetimes with amplitudes αi and Σ αi = 1.0. Fitting to the multi-exponential
model was performed as described previously [19]. The contribution of each component to the
steady state intensity is given by

(2)

The mean decay time is given by

(3)

The amplitude-weighted lifetime is given by

(4)

If the sum of the αi values are not normalized, and all instrument parameters are unchanged,
then the value of 〈τ〉 is proportional to the total steady state intensity.
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3. Results
Sub-wavelength size metallic silver particles display a strong absorption with a maximum near
480 nm (Fig. 1). This absorption is due to the electron oscillations induced by the incident light
field, and is called the surface plasmon resonance [20]. The AFM image of a typical SIF used
for this study (Fig. 2) shows silver particles ranging in size from 20 to 80 nm high.

We examined the emission spectra of [Ru (bpy)3]2+ in PVA on quartz (Q) and on SIFs (S).
Quenching by oxygen occurs on both the quartz and SIF surfaces (Table 1). In an argon
atmosphere the emission intensity of [Ru(bpy)3]2+ is about 7-fold larger on the SIF than on
quartz (Fig. 3). Comparable increases in intensity were observed in an atmosphere of air or
oxygen.

Changes in the rate of radiative decay can be detected by decrease in the lifetime [1,2]. Hence,
we measured the frequency-domain (FD) intensity decay of [Ru(bpy)3]2+ in each atmosphere,
and on quartz and on SIFs (Fig. 4). In each case there is a decreased lifetime on the SIFs. A
decreased lifetime with an increased intensity (Fig. 3) indicates an increase in the rate of
radiative decay of [Ru(bpy)3]2+. Based on the intensity decays in Fig. 4, and ellipsometry for
similar spin-coated samples [21], we estimate the average film thickness to be in the range of
10 nm, but this estimate has considerable uncertainties.

The FD intensity decays were analyzed in terms of the multi-exponential model (Eq. (1)) and
the results summarized in Table 2. Examination of these data reveal that the individual decay
times, averages lifetime and amplitude-weighted lifetimes are shorter on SIFs than on quartz.
Decreases in lifetime are observed in argon, air or oxygen. Increased intensities (Fig. 3) and
decreased lifetimes is strong evidence for an increase in the radiative decay rate.

It is of interest to use the intensity (Fig. 3) and lifetime data (Table 2) to estimate the increase
in the radiative decay rate of [Ru(bpy)3]2+ on silver island films. This can be accomplished by
using the definitions of the quantum yield (Q0) and lifetime (τ0) on the quartz surface

(5)

(6)

where γ is the radiative decay rate and k is the sum of the non-radiative decay rates. Using these
expressions the radiative decay rate on quartz is given by

(7)

Now assume that proximity of [Ru(bpy)3]2+ to the SIFs results in an increase in the affected
radiative decay rate to Γm. Assuming the non-radiative rates k are not changed due to the SIFs,
the quantum yields and lifetimes near the metal (m) are given by
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(8)

(9)

so that

(10)

It is difficult to estimate the absolute quantum yields for [Ru(bpy)3]2+ in the thin PVA films.
However, if ratios are used, the quantum yields can be replaced with the relative intensities
(I0 and Im), assuming the SIFs have a minimal effect on the rate of excitation. Hence the ratios
of Γm/Γ can be calculated using

(11)

The calculated values of Γm/Γ are summarized in Table 2. This ratio was calculated using both
the mean lifetime τ̄ and the amplitude-weighted lifetimes 〈τ〉. While it is not presently clear
which type of weighted average lifetime should be used, the results are the same. The radiative
decay rate of [Ru(bpy)3]2+ increases about 20-fold when coated on silver island films. We
stress that there are apparent values spatially averaged over these illuminated region of the
sample and the thickness of the PVA film. Also, our calculation assumes no change in the rates
of excitation or non-radiative decay. Even if the rate of excitation changed, this does not alter
our conclusion that the emission intensities are higher and lifetime of [Ru(bpy)3]2+ are smaller
on SIFs than on quartz.

4. Discussion
It is of interest to consider the implications of the changes in quantum yield and lifetime for
fluorophore detectability. Suppose the sample is observed in the linear excitation region where
there is no significant ground state depletion. Assuming there is no change in the rate of
excitation, the number of photons/second is increased by a factor Qm/Q0 or equivalently Im/
I0 if the rate of excitation is not changed by the SIF. If the fluorophore is observed continuously
until photobleached then the number of observed photons should increase by a factor of τ0/
τm due to less time for photobleaching during each excitation–deexcitation cycle. Hence the
number of observable photons for [Ru(bpy)3]2+ is expected to increase by the product of these
factors, or about 20-fold.

Now consider the case of saturating light conditions. In this case the number of photons per
second will be increased by factors of Qm/Q0 and τ0/τm, where the latter factor τ0/τm is the result
of more rapid cycling of the molecules. Additionally, the decreased lifetime will also result in
decreased photobleaching. Hence, the total increase in observed photons, when accumulated
till photobleached, will be increased by (Qm/Q0)(τ0/τm) (τ0/τm) which for [Ru(bpy)3]2+ is about
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a factor of 80-fold. These considerations suggest that the use of metallic particles can result in
substantial improved detectability of fluorophores.
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Fig. 1.
Absorption spectra of four SIFs from a single preparation, showing the consistency of the SIFs.
The upper panel shows our sample geometry.
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Fig. 2.
Atomic force microscope image of a quartz slide coated with a silver island film.
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Fig. 3.
Emission spectra and relative intensities of [Ru(bpy)3]2+ in PVA on quartz (Q) and silver island
films (S). The horizontal lines show the emission intensities in argon, air or an oxygen
atmosphere.
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Fig. 4.
Frequency-domain intensity decays of [Ru(bpy)3]2+ in PVA equilibrated with an argon, air or
oxygen atmosphere. Top panels, on quartz. Bottom panels, on silver islands.
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Table 1

Calculation of the apparent increase in the radiative decay rate of [Ru(bpy)3]2+

Conditions 〈τ0〉/〈τm〉 I0/Im Γm/Γ

Argon 3.84 6.36 24.2

Air 3.46 6.45 22.3

O2 2.61 6.88 18.0

τ̄0/τ̄m I0/Im Γm/Γ

Argon 3.33 6.36 21.5

Air 3.09 6.45 19.9

O2 3.48 6.88 23.9
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