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Emission enhancement and lifetime modification of
phosphorescence on silver nanoparticle aggregatest
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Silver nanoparticle aggregates have been shown to support very large enhancements of fluorescence
intensity from organic dye molecules coupled with an extreme reduction in observed fluorescence
lifetimes. Here we show that for the same type of aggregates, similar enhancement factors (~75x in
intensity and ~3400x in lifetime compared to the native radiative lifetime) are observed for a
ruthenium-based phosphorescent dye (when taking into account the effect of charge and the
excitation/emission wavelengths). Additionally, the inherently long native phosphorescence lifetimes
practically enable more detailed analyses of the distribution of lifetimes (compared with the case with
fluorescence decays). It was thus possible to unambiguously observe the deviation from mono-
exponential decay which we attribute to emission from a distribution of fluorophores with different
lifetimes, as we could expect from a random aggregation process. We believe that combining
phosphorescent dyes with plasmonic structures, even down to the single dye level, will offer a
convenient approach to better characterize plasmonic systems in detail.
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Introduction

The high local fields generated around noble metal nanostructures
when illuminated close to their plasmon resonance can modify the
interaction of nearby molecules with light."™ This effect leads to
diverse phenomena such as surface-enhanced Raman scattering
(SERS)’ and surface-enhanced fluorescence (SEF).® In the case of
SEF, both the measured fluorescence intensity and the radiative
decay rate” can be enhanced. Most of the literature on SEF involves
the use of organic fluorophores® ™ or quantum dots,"*™* for
which the radiative emission is fully allowed. These dyes have
characteristic radiative lifetimes in the ns range.

However, there is also a second large family of dyes, the
phosphorescent dyes, that finds growing applications in collecting
solar light-energy’® and lighting.'® In these dyes, the decay from
the excited triplet state to the ground singlet state is partially
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disallowed, resulting in characteristic radiative lifetimes in the
us range or longer.

Although there have been some studies on the interaction of
phosphorescent dyes with plasmonic structures, most of these
focus on specific applications. These include metal enhanced
rare-earth ion luminescence applied to OLEDs,"”>* enhancement
of organic solar cells with plasmonic nanoparticles,>*** and
enhanced excitation of phosphorescent dyes related to photo-
dynamic therapy.>*® However, only a few examples in the
literature look into the basic behaviour of the triplet transition
as compared to the normal singlet transition.””>° Surprisingly,
although theory predicts that lifetime modifications similar to
that for fluorescence should occur in the case the triplet transition
is dipolar in nature (and even larger lifetime modifications in
the case it is quadrupolar in nature®), experimental results so
far have observed much weaker modification of phosphorescence
lifetimes compared to fluorescence lifetimes.

One possible reason for this discrepancy is the relatively low QY
of the phosphorescent dyes used. Under these conditions, the
relatively fast intrinsic non-radiative decay would lead to a decrease
in the relative contribution of the metal-induced radiative and non-
radiative decay modifications. To overcome this problem, a system
where the dyes experience very high field enhancements can be
used, where the intrinsic non-radiative rates will become negligible
compared to the metal-induced radiative and non-radiative rates.

We have recently shown®'"*? that silver nanoparticle (Ag-NP)
aggregates can act as efficient plasmonic structures, which lead
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to more than two orders of magnitude enhancement in the
average fluorescence intensity and concomitantly more than
two orders of magnitude shortening of the lifetime. We attributed
these high enhancement levels to emission from dyes which were
close to the hot spots in the aggregates, and which experienced
very high local fields. Here we report the results on the intensity
enhancement and lifetime modification of a ruthenium-complex-
based phosphorescent dye in the same Ag-NP aggregate system.
By comparing the result for the phosphorescent dye with our
previously reported results (on Atto655) and with new results on a
methylene blue (MB)-based fluorescent dye, we show that the
experimental results for both fluorescence and phosphorescence
are indeed similar in nature. Once we established that the effects
of plasmonic field enhancement are similar for both fluorescent
and phosphorescent dyes, we exploited the intrinsically small
native radiative rate of phosphorescent dyes to better characterize
our plasmonic system. As the native lifetime, and even the
plasmonically modified lifetime of phosphorescent dyes are
much longer than those of the fluorescent dyes, they are all far
from the limit of detection that arises from the instrument
response function (IRF). We could therefore show that there is
a distribution of decay rates from the different emitting dyes, as
one would expect for such a randomly aggregated nanoparticle
system.

Experimental section
Reagents

DNA labeled with three different dyes (mono-carboxy derivative
of Ru(bpy);, Atto-MB and Atto-655), and non-labeled control
have the following sequence: 5'-dye-TGGAAGTTAGATTGGGATC
ATAGCGTCAT-3'. These oligonucleotides were custom synthe-
sized by IBA GmbH (Goéttingen, Germany). All other chemicals
were purchased from Sigma-Aldrich.

Nanoparticle synthesis

EDTA-coated Ag nanoparticles were synthesized according to a
modified literature procedure® - in brief, 500 ml of a 0.16 mM
EDTA solution containing 4 mM NaOH was heated to boiling
under stirring. 5 ml of 26 mM AgNO; solution was added in
4 aliquots of 1.25 ml, and the solution was held at boiling for
20 min under continuous stirring.

Measurement of fluorescence/phosphorescence

Fluorescence/phosphorescence was measured using a Tecan
Safire II fluorescence plate reader equipped with a Quad4™
monochromator.

Enhanced luminescence measurements

For measurements, as-synthesized Ag-nanoparticles were
diluted in 6 mM phosphate buffer, pH = 7.1, to a concentration
equivalent to 1.6 O.D. (at the peak of the plasmon absorption,
410 nm). 40 pl of 2.5 nM dye-DNA diluted in water was mixed
with 40 pl of 100 uM spermine in 10 mM Tris buffer (pH = 7.4),
and then 120 pl of the diluted Ag nanoparticles were added.
Final concentration of dye-labeled DNA was 500 pM.

This journal is © the Owner Societies 2013

View Article Online

Calculation of the quantum yields of dyes

The calculation of quantum yield for the different dyes was
done in a similar fashion to that previously reported by us.*?
We used sulforhodamine 101 dye in ethanol as the reference dye
(assuming a QY of 0.95**). All fluorescent emission measurements
for QY calculation were carried out on a Cary Eclipse fluorescence
spectrometer (Varian, USA).

Time-resolved fluorescence

Fluorescence decay curves were measured using a time-correlated
single photon counting (TCSPC) set-up, as described elsewhere.*
Samples were excited with vertically polarized 460 nm pulses of
<0.2 ps duration at a repetition rate of 3.8 MHz. The intensity of
the laser output was approximately 1 mW, but the excitation
intensity was adjusted further by using neutral density filters to
obtain a count-rate below 30000 per second. The excitation spot
diameter was approximately 1 mm. The instrument response
function (~ 140 ps FWHM) was obtained with pinacyanol iodide
in methanol, with ~6 ps fluorescence lifetime.>® Fluorescence
was collected through a vertical or horizontal polarizer, in 10
repeated sequences of 10 s per sequence for each polarization.
Fluorescence was detected through a 500 nm long-pass filter, in
combination with different interference filters (10-15 nm FWHM)
at three detection wavelengths, namely 522, 611, and 657 nm.
Individual photons were detected using a microchannel plate
photomultiplier, and arrival times were stored in 4096 channels
of a multichannel analyzer, the channel time spacing of which
was 2 ps, resulting in a 8 ns time window. Fitting was done using
the commercial software Fluofit (PicoQuant, Germany).

Theoretical background

In the interaction of fluorescent molecules with plasmons, the
observed change in fluorescence (which can be enhancement
or quenching) originates from a modification of both the
absorption and emission processes. The probability of absorption
is proportional to the square of the electric field amplitude, and it
can be shown' that after averaging for random orientation the
absorption enhancement factor is equal to the local field intensity
enhancement factor, which we will denote as M,.. This in all
cases will enhance the fluorescence. A second effect is the
modification of the radiative decay rate in the proximity of the
nanostructure. We will denote the modified rate as y}. This effect,
depending on the orientation of the molecule, can be an increase
or a decrease in the decay rate. The third effect is an additional
non-radiative decay channel into the metal, which will have a
rate yh. These last two processes lead to a modified emission
quantum yield (QYy), as defined in eqn (1).

M
Vr

MM 0

QYwm 6

where 79, is the non-radiative rate in the absence of the metal.
Depending on the exact rates in any given system, the QY can be
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either higher or lower than the original quantum yield of the
dye QY,.

00
Vr (2)

QY = 1t
O 090,

The observed combined enhancement factor (EF) of the fluores-
cence intensity would then be the combination of the modifica-
tion of the absorption process and that of the emission process,
eqn (3):

SEF EF = M;,.QYm/QY, (3)

This combination of the excitation enhancement with the
quantum yield modification will ultimately determine if
fluorescence enhancement or quenching is observed. However
one limitation of directly comparing enhancement factors
between experiments with different fluorophores is that dyes
with different quantum yields give different enhancement
factors for a specific plasmonic structure. We have previously
suggested®' the use of a figure of merit (FoM) that allows easier
comparison between experiments, eqn (4):

SEF FOM = M;,.QYy (4)

For structures with very strong modification of the radiative or
non-radiative rate, the contribution of the intrinsic non-radiative
rate in the denominator of eqn (1) becomes negligible. Under these
conditions, the FoM is independent of the characteristics of the
dye used.

One interesting property of the radiative and non-radiative
rate modification according to the generalized Mie theory is
that they are proportional to the native radiative rate (y..q) of the
emitter." Therefore, for systems which emit phosphorescence
instead of fluorescence the radiative rate in free space is much
slower than the fluorescence, but the modification factor for a
fixed plasmonic structure should be the same.

Results and discussion

To test whether fluorescence and phosphorescence are modified
in a similar manner, as theory would suggest, we have used
co-aggregation of dye-labeled DNA (29 nucleotides) with silver
nanoparticles (34 nm diameter) (see Fig. 1). Full details of the
system, such as the effect of DNA sequence on the enhance-
ment factor, can be found in our previous publications.?"3

+
Spermine

Fig. 1 Spermine induced co-aggregation of dye-labeled DNA and Ag nanoparticles.
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It is important to note that the particle to particle distance
(previously measured to be ~2 nm) was shown not to be
dependent on the dye used, as for all dyes the average plasmon
peak of the aggregates was at the same wavelength (~ 670 nm).
For this system we have previously shown (for the dye Atto655)
that for excitation and emission wavelengths close to the peak
of the aggregate plasmon, high enhancement (~150x)
together with very high modification of the radiative lifetime
(~1000x faster than the natural decay rate (z4) of 6 ns)
occurs.>” We have additionally shown in our previous publica-
tion that this should correspond to a dye at a distance of about
1-2 nm from the surface. At distances less than 1 nm, the non-
radiative part would dominate over the radiative part, and at
distances larger than about 2 nm, we should not observe such
intense modification of the lifetime. Although experimentally
more complex than systems with single particles, using nano-
particle aggregates is expected to provide field enhancement
and lifetime modification larger than the native non-radiative
rate, which for low QY dyes such as ruthenium dyes is hard to
achieve with single particles. The results of our measurements
on intensity enhancement of the Ru-based phosphorescent dye
and of two other fluorescent dyes (Atto655 and MB), which
we use for comparison, are summarized in Table 1. The full
time-dependent enhancement data for the ruthenium dye are
provided in the ESLt Although the enhancement for Atto655 for
excitation at 650 nm was previously reported in ref. 31, we have
remeasured it with the current batch of silver nanoparticle
aggregates to verify and validate the reproducibility of our
results.

Using excitation and emission close to the peak wavelengths
of absorption and emission of the ruthenium dye (460 nm and
640 nm respectively, see Fig. 2), we observe an intensity
enhancement factor of 75x. In order to compare it to our
previously reported result with Atto655, which is an organic
dye with natural radiative lifetimes on the ns time scale, we
have to recall that the observed enhancement depends on the
overlap of the excitation and emission wavelength with the
plasmon response of the aggregate, and is inversely proportional
to the intrinsic QY, of the dyes. Although we have previously
demonstrated that Atto655 shows an average enhancement of the
fluorescence of 150x, this result was for excitation and emission
wavelengths which both overlapped very well with the
average plasmon peak of the aggregates (650 nm and 690 nm).
However, for the ruthenium dye, the maximum absorbance peak

Table 1 Observed enhancement factors for different dyes

460EX/640EM 650EX/690EM

EF FoM EF FoM QY, (%)
Atto655 45 £ 10 5.7 £1.6 150 + 10 19+ 4 12.7
MB ND ND 1000 £+ 100 11+ 3 1.1
Ru dye 75+ 8 1.7 £ 04 ND ND 2.3

EX - excitation wavelength, EM - emission wavelength, ND - not
detectable, EF - enhancement factor, FoM - figure of merit. The relative
uncertainty in the QY determination is approximately 15-20% in all
cases.
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Fig. 2 UV-Vis absorbance of the silver nanoparticle aggregate (solid line) and
normalized excitation (triangles) and emission (diamonds) of the Ru-dye.

(and therefore the excitation wavelength used) is around 460 nm,
which is significantly shifted from the average plasmon peak
measured by UV-VIS spectroscopy (see Fig. 2). Experimental
determination of the average enhancement of Atto655 at the
excitation and emission wavelengths used for the ruthenium
dye yielded an enhancement of only 45x, which taking into
account the measured QY, (12.7%) leads to a figure of merit
(FoM) of 5.0. For the ruthenium dye with a QY, of 2.3%, we get a
FoM of 1.7. We attribute the difference between the FoMs for
the fluorescent dye and the ruthenium dye to the difference in
charge (Atto655 is neutral while the ruthenium dye is positive).
We have previously shown experimentally®” that these charge
differences can lead to a factor of 2 difference in SEF, probably
because the positively charged molecules tend to be physically
closer to the negatively charged silver surface. To further
validate this hypothesis, we also measured a positively charged
fluorescent dye, methylene blue. This dye has a similar excita-
tion and emission wavelength to Atto655, and therefore 650 nm
excitation and 690 emission wavelengths were used. Under
these conditions, Atto655 has a FoM of 19, while for the
positively charged MB, the FoM was only 11. Thus, we observe
for the phosphorescent Ru-based dye an enhancement very
similar to what we would expect from a fluorescent dye with a
similar QY. This is the first result, to the best of our knowledge,
directly comparing the enhanced phosphorescence of organic
dyes and metal complexes in a system with high plasmonic
enhancement. We attribute the failure of previous studies to
observe these effects to the fact that most other studies used
films of single particles. For single particles, SEF is observed at
distances at which the plasmon related radiative and non-
radiative rates are ~10x larger than the intrinsic radiative
rate. However because most metal complexes have a QY of only
a few percent, the contribution of the non-plasmon related non-
radiative rate can be significant in such systems, and easy
comparison of dyes with different initial QY is not possible.
One of the difficulties in measuring lifetimes in systems
with high plasmonic enhancement is that lifetime modification
can easily reach 3 orders of magnitude as compared to the
intrinsic radiative lifetime, which makes the exact measurement
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Table 2 Luminescence decay fitting parameters

Ay T; (ns) A, T, (ns) FWHM (ns) Red ¥
1 exp 1780 2.0 2.34
2 exp 1134 3.5 980 0.7 1.10
Gauss 3346 0.8 5.2 1.11

of lifetimes of single organic dyes very difficult, as these can
fall below the detection limit of TCSPC systems. In our
previous work we have shown using streak-camera measure-
ments on a large population of aggregates a lifetime reduction
of 1000x compared to the unmodified lifetime for the dye
Atto655. The lifetime measurement on the ruthenium dye is
simpler, as even with 3-4 orders of magnitude reduction we
expect a lifetime well within the measurement range of TCSPC
systems.

In order to determine the modification of the lifetime, we
first determined the natural radiative rate for this ruthenium
derivative, as the data for this specific derivative are not
available in the literature. Previous work estimated the value
for the radiative lifetime of the parent compound Ru(bpy); to
be 10 ps.*’ Other reports have shown that carboxy ethyl
derivatives, which are chemically similar to the carboxy methyl
derivatives that we have been using, have a very similar radia-
tive rate to Ru(bpy);.*® We have measured the QY, and lifetime
of the ruthenium dye in deoxygenated water (unattached to
DNA, as not to be affected by contact quenching by the
nucleobases) to be 3.3% and 400 ns respectively, giving a
natural radiative lifetime of 12 ps.

When measuring the lifetime of the dye in aggregates, we
find that it cannot be well fitted to a single exponential decay
(Table 2 and Fig. 3b). This is expected, as not all dyes are
located at the same location and experience the same field
enhancement. In our previous experiments with organic
dyes we could not observe this distribution, as the average
measured lifetime was very close to the resolution limit of our

10000
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Fig. 3 Luminescence decay measurement of Ru-dye in Ag nanoparticle aggre-
gates: (a) data with IRF and Gaussian fit. (b)-(d) Residuals for de-convolution of
the measured decay using (b) single exponent fit, (c) double exponent fit and
(d) Gaussian lifetime distribution.
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experimental equipment. Fig. 3 shows 3 different models used
to fit the lifetime data for Ru-DNA in silver nanoparticle
aggregates. The fitting parameters are summarized in Table 2.

The lifetime distribution of the ruthenium derivative could
be fitted by a double exponent with a long component of 3.5 ns
and a short component of 0.7 ns (Fig. 3b). The long component
is about 3400x shorter than the intrinsic radiative lifetime.
This is a higher change in lifetime than the ~1000x change we
previously measured for Atto655. We attribute this higher
number to the fact that the positively charged ruthenium dye
would tend to be positioned closer to the surface than the
zwitterionic Atto655 dye. To support this hypothesis we again
performed a comparison with the positively charged organic
dye MB. The intrinsic radiative lifetime of this dye can be
calculated based on literature values (QY, and measured life-
time of 0.02 and 345 ps, respectively®®) to be 17 ns. Thus, the
6.7 ps lifetime we measured for MB in silver nanoparticle
aggregates (see ESIf) yields a similar factor for the change in
lifetime, —2500x, to that for the ruthenium derivative.

It is important to note that we use the mathematically fitted
double exponent as a convenient way to derive a long component
to compare to previous results with organic dyes. Although we
got an adequate fit with a double exponential decay (Fig. 3c), but
not with a single exponential decay (Fig. 3b), the data could also
be fitted with a Gaussian distribution (Fig. 3d) with a similar
goodness of fit. Based on the fact that our system is generated by
random aggregation, we expect the dyes to be positioned at
random points along the aggregate, resulting in a distribution of
lifetimes rather than a single decay. Therefore we do not find a
physical basis to have separate distinct populations of fluoro-
phores in our system, and we see the results as supporting our
claim that the light we detect originates from a rather wide
distribution of fluorophores with different lifetimes located at
different positions in the aggregates.

Conclusion

We have shown experimentally that the intensity and lifetime
modification in silver nanoaggregates for phosphorescence
from an Ru-metal complex based dye are similar to those of
fluorescent dyes, as theory predicts, once corrected for the
effect of excitation/emission wavelengths and dye charge. How-
ever, as the intrinsic lifetime for phosphorescence is much
longer than that for fluorescence, even after 3 orders of
magnitude of reduction in lifetime, we could still measure
decay rates in the nanosecond range. This allowed us to show
that the light emitted by the dyes comes from a large distribu-
tion of dyes which sit at different positions in the aggregate, as
we would expect from such a randomly aggregated nanoparticle
system. Although we have demonstrated this effect in ensemble
measurements, the fact that even under very high modification
of the lifetime phosphorescent dyes have decay rates which can
be measured accurately using TCSPC systems, can in the future
be used in single molecule measurements with plasmonic
structures to get high-temporal resolution photon statistics
which is not possible with fluorescent dyes.
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