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single system
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Chris D. Geddes*

Distance dependent singlet and triplet metal-enhanced emission of eosin from silica coated silver island
films (SiFs) has been studied by steady-state and time resolved fluorescence techniques, along with
theoretical finite difference time domain (FDTD) numerical simulations, to understand how the
thickness of the dielectric coating surrounding silver nanoparticles fundamentally affects luminescence
enhancement. Our findings suggest that the distance dependence of metal-enhanced phenomena such
as fluorescence, phosphorescence and delayed fluorescence is underpinned by the decay of the electric
near-field, and depending on the actual silver silica sample embodiment, one can see either decreased
or enhanced luminescence. These results not only expand our current MEF thinking but also suggest
that one may well be able to approximate plasmon-enhanced luminescence values.

1.0 Introduction

The deposition of silver metal and subsequently silver island
films (SiFs - sub-wavelength size silver nanoparticles formed by
reduction of silver nitrate on a glass surface) has become a
useful method for studying plasmon-enhanced phenomena
from the visible to the near-infrared spectral range. Under
suitable conditions, the close proximity of fluorophores to
metal particles i.e. near-field interactions, allows for dramatic
effects on fluorescence intensity, photo-stability and lifetimes.
Geddes and coworkers'™** have developed a mechanistic inter-
pretation of these near-field effects, as well as numerous
applications of MEF itself. The current interpretation of MEF
is underpinned using a model whereby non-radiative energy
transfer occurs from excited fluorophores (dipoles) to surface
plasmons in non-continuous films, as shown in Scheme 1. The
surface plasmons in turn efficiently radiate the emission of
the coupling fluorophores, i.e. radiate the coupled quanta.
This interpretation has also led to the further development of
metal enhanced chemiluminescence,'**® metal-enhanced
phosphorescence,'®*® and the discovery of plasmonic electricity
by the Geddes group.'®°
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Scheme 1 (a) Current interpretation of metal-enhanced fluorescence, (b) cartoon

depicting the sample geometry used to study the distance dependence of MEF for
Sy and a-Sq emission from eosin in glycerol on SiO, coated SiFs (silver island films).
(c) AFM images of a SiFs film deposited on a glass slide.

Silver surfaces can be reactive and the photodegradation of
absorbed species is a common occurrence when probed using
electromagnetic radiation. Thus, SiF surfaces can be readily
protected in such a way that they maintain their ability to
enhance luminescence. It is therefore important to study the
distance dependent decay of the electrical field around SiFs/
nanoparticles and its propagation in the spacer medium, and how
this decay ultimately affects luminescence enhancing properties.
In earlier studies, the distance dependence of fluorescence
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quenching and enhancement of fluorophores close-to various
metallic surfaces was studied. In these reports, the major thrust
was the dependence of the emission rate on the distance
between the dye layer and the metallic surface where the
emission is thought to be quenched due to dipole damping
when molecules are adsorbed directly on the surface.>" Another
consideration is the enhanced fluorescence due to increased
electromagnetic fields and the plasmon coupling mechanism.*?
The enhancement of fluorescence intensity generally depends on
the surface features (density of nanoparticles, shape and size,
etc.) and the distance and dipole orientation of fluorophores
from/to the surface.”?

Different fluorescence enhancement factors have been
reported by several workers in their distance-dependence
METF studies. Nearly 5- to 12-fold enhancements in fluorescence
intensity for 20 to 25 nm fluorophore-metal distances were
reported for a metal core-silica-spacer colloidal particle system.>*
Lakowicz and coworkers,*>* have reported a 10 nm distance for
maximum fluorescence enhancement of fluorophores from SiFs
using Langmuir-Blodgett films in which below 10 nm fluorescence
quenching has been reported due to nonradiative energy transfer.
Distance dependent oscillatory fluorescence enhancement
functions and decay rates of fluorophore or luminophore from
SiFs have also been reported by many other researchers in the
past.>*3® In a recent study of the distance-dependence of
fluorescence enhancement, in contrast to the quenching near
metallic surfaces, a maximum enhancement was reported from
the contact with a metallic surface and a photonic crystal.>*>”
To understand these somewhat contradictory results, we have
undertaken detailed systematic studies of the distance dependent
near-field effects on the photophysics of the eosin molecule close-
to silver nanostructures, through fluorescence spectroscopic
techniques and finite difference time domain (FDTD) numerical
calculations, controlling the precise distance from 1 to 15 nm.

Eosin is a red xanthene dye resulting from the reaction of
bromine on fluorescein. Due to the heavy atom effect, it shows
delayed fluorescence (-S; — S,) and phosphorescence (T; — S)
at room temperature, along with traditional fluorescence (S; — Sg)
in the wavelength range 475 to 800 nm.*®?*° The population of the
excited singlet state (S;) by thermal activation of the triplet state
(Ty) is responsible for E-type delayed fluorescence. Due to its
long decay time, delayed fluorescence has been widely used to
investigate the rotational diffusion time of biological macro-
molecules in membranes and also to characterize metal oxide
surfaces."”” Eosin is used to stain cytoplasms, collagen and
muscle fibers for microscopic examination. Further it is also
used for dyeing textiles, ink manufacturing, for coloring cosmetics,
for coloring gasoline and as a toner, to name but just a few
applications. Due to the potential uses of eosin in biology*® and
industrial research,”" distance dependent MEF studies of eosin
will be helpful to develop intense fluorescent probes in the future
for studying systems in different temporal ranges i.e. from nano- to
millisecond time range. Zhang et al.**> have reported on a 2-fold
enhancement in singlet-triplet emission of eosin in 4% wt
polyvinyl alcohol films coated on SiF surfaces in temperature
dependent studies. However in this manuscript, we have obtained
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~9-fold enhancement in fluorescence (S; — S,) and a nearly
4-fold enhancement in delayed fluorescence (a-S; — S,) and
phosphorescence (T; — S,) of eosin in anhydrous glycerol
close-to SiO,- SiFs with respect to a control sample containing
no silver (Scheme 1), with a nearly 20-fold enhancement of
fluorescence and a 7-fold enhancement in both triplet and
delayed emission observed close-to silver nanoparticle coated
glass slides. Our findings are not only helpful for understanding
the distance dependence dynamics of fluorophores from SiFs,
but also for the numerous practical applications that enhance
fluorescence and phosphorescence yield for the next generation
energy efficient materials, as biosensors, photonic devices and
MEF based assay platforms. To the best of our knowledge, this
is the first report showing the distance dependence of all
3 luminescence decay routes.

2.0 Experimental section
2.1 Materials

Eosin, silane-prep glass microscope slides, silver nitrate (99.9%),
sodium hydroxide (99.996%), ammonium hydroxide (90%),
p-glucose, ethanol (HPLC/spectrophotometric grade) and anhydrous
glycerol were purchased from Sigma-Aldrich Chemical company
(Milwaukee, WI, USA). The SiFs were prepared according to
previously published procedures.®® Twenty micro-liters of
eosin in glycerol [10~® M] was sandwiched between both glass
and the SiF coated silane prep slides, respectively. Different
thin layers of SiO, on SiFs were prepared using an Auto 306
Vacuum coater (AccuCoat Inc., Rochester, NY, USA). The thick-
ness of the deposited film was monitored using a quartz crystal
microbalance.

2.2 Instrumentation

Absorption spectra of acriflavine on blank glass substrates and
SiFs containing PVA polymer films were collected using a single
beam Varian Cary 50-Bio UV-vis spectrophotometer. Emission
spectra were collected using a Varian Cary Eclipse fluorescence
spectrophotometer having a pulsed xenon arc source for excita-
tion. A front-face sample geometry was used to undertake all the
fluorescence measurements with a slit width of 5 nm, both
in the excitation monochromator and emission monochromator
channels. Fluorescence decays were measured using a HORIBA
Jobin Yvon Fluoromax-4 and Temp-Pro fluorescence lifetime
system employing the time-correlated single photon counting
(TCSPC) technique, using a R928 and TBX-04 picosecond
detection module. The excitation source was a pulsed LED
source of wavelength 372 nm having maximum repetition rate
1.0 MHz and pulse duration 1.1 nanosecond (FWHM). The
intensity decays were analyzed using decay analysis software
(DAS) version 6.4 in terms of the multi-exponential model:
1(t) = > oy exp(—t/t;) where «; are the amplitudes and t; are the
1

decay times, Y a; = 1.0. The values of o; and ; were determined
i

using nonlinear least squares impulse reconvolution analysis with
the goodness of fit judged using the residual, autocorrelation
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function and y> values. The measurement error in decay time
analysis was in the order of 0.01 ns.

3.0 Results and discussion

SiFs are sub-wavelength size silver nanoparticles formed by
reduction of silver nitrate on a glass surface by a wet deposition
method."” Fig. 1 shows the absorption spectra of SiFs and SiFs
coated with different thicknesses of SiO,. SiFs typically show
structured absorption, a maximum at 390 nm along with a
band at 420 nm as shown in [Fig. 1(i)]. When quartz [SiO,]
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Fig. 1 Absorption spectra of SiFs coated with different thicknesses of SiO,
(i) SiFs, (ii) 1 nm, (iii) 3 nm, (iv) 6 nm, (v) 9 nm, (vi) 12 nm and (vii) 15 nm SiO,
coated on SiFs.

layers are coated onto SiFs deposited slides, the structured
absorption of SiFs disappears, and a new red shifted band is
readily observed at 400 nm. Further, upon increasing the
thickness of the SiO, layer, the optical density of the 400 nm
band decreases [shown in Fig. 1(ii-iv)]. The extinction spectra
of SiFs are the combinations of both absorption (Fig. 1) and
scattering spectra. In these nanoparticle films, the absorption
component is generally blue shifted and weak, while the
scattering component is strong and red shifted.

The absorption spectra of eosin in glycerol [10~* M] located
between two glass slides is shown in Fig. 2a. It shows an
absorption maximum at 525 nm with an optical density maximum
~0.45. On SiFs, the optical density increases up to 0.65 and it
further increases for a 1 nm SiO, coated film (~0.82). On further
increasing the thickness of the SiO, layer, the optical density
decreases. The variation of enhancement in optical density of
eosin on different optical density SiFs (0.45 to 0.50) coated with
different thicknesses of SiO, is shown in Fig. 2b, where the average
of the absorbance of eosin was found to be maximum for 1 nm
SiO, coated SiFs. These results indicate that when a fluorophore is
placed close-to metal nanostructures, the often strong localized
electromagnetic field around the metallic particles subsequently
increases and the rate of absorption subsequently increases,
particularly for the 1 nm sample. In essence, conducting metallic
particles can modify the free-space absorption condition in ways
that increase the incident electric field felt by a fluorophore, i.e. an
enhanced absorption cross-section.

Fig. 3a and b show the corresponding emission spectra of
eosin from singlet and triplet states respectively. Eosin shows
fluorescence [S; — So] and delayed fluorescence [a-S; — S
maximum at ~ 550 nm and phosphorescence [T; — S,] maximum
at ~690 nm respectively. We can see that eosin fluorescence
enhances about 5.5 times (as compared to the control sample),
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Fig. 2 (a) Absorption spectra of eosin (107 M) in glycerol on different thicknesses of SiO, coated SiFs. (i) Glass, (i) SiFs, (i) T nm, (iv) 3 nm, (v) 6 nm, (vi) 9 nm,

(vii) 12 nm and (viii) 15 nm SiO, coated on SiFs. (b) Optical density of eosin on SiFs coated with different thicknesses of SiO».
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Fig. 3 (a) Fluorescence S; — Sg, (b) delayed fluorescence a-S; — So and phosphorescence T; — Sq spectra of eosin (10~% M) in glycerol on different thicknesses of
SiO, coated SiFs. (i) Glass, (ii) SiFs, (iii)) 1 nm, (iv) 3 nm, (v) 6 nm, (vi) 9 nm, (vii) 12 nm and (viii) 15 nm SiO, coated on SiFs. (c) Enhancement factor (E.F.) of eosin
(i) fluorescence, (ii) alpha fluorescence and (iii) phosphorescence from SiFs coated with different thickness of SiO,. E.F. — defined as the emission from the silvered

substrate divided by that from an unsilvered otherwise identical control sample.

while delayed fluorescence and phosphorescence enhances
about 3.0 times on SiFs. Further it is interesting that the
intensity of both the singlet and triplet emission again
increases in the presence of a 1 nm SiO, layer, but upon further
increasing the thickness of the protecting SiO, layer, the
enhancement of the singlet and triplet emission decreases,
following the trend in optical density with thickness of SiO, as
shown in Fig. 2b. The enhancement factors for all the three
emissions are shown in Fig. 3c, where enhancement factors are
defined as the emission from the silvered substrate divided by
that from an unsilvered otherwise identical control sample.
These results indicate that the enhanced near-field absorption has
a significant bearing on enhanced luminescence photophysics.
To further understand the fluorescence dynamics of the
singlet and triplet states of eosin close-to the SiFs, decay time
measurements were undertaken very carefully with different
layers of SiO,, and the time resolved results tabulated in
Table 1. The fluorescence of the eosin molecule decays single
exponentially with a decay time of 2.65 ns in glycerol measured
in between the two glass slides, which similarly has been
observed previously by Fleming et al®® It is interesting to note
that the fluorescence decay of eosin becomes a double exponential
with decay times 2.31 ns and 0.05 ns. The amplitude of the longer
decay time is 70% while the decay amplitude of the shorter decay
time is nearly 30%. Further decreases in magnitude of both decay

Table 1 Time-resolved fluorescence decay parameters of eosin

7 (ns) 7 (ms) 7 (ms) coor 7

Sample [St = So] [0-S1 = So] [T1 — So] [Si] [0S1] [T4]

Glass 2.65 £ 0.02 4.71 £ 0.04 6.80 £ 0.02 1.461 1.373 1.299
SiFs 2.31 + 0.06 3.28 + 0.03 3.88 £ 0.03 1.211 1.377 1.062
1 nm SiO, 2.20 £ 0.01 3.01 + 0.03 3.25 £ 0.04 1.181 1.435 1.121
3 nm SiO, 2.40 £ 0.02 2.8 +0.02 3.28 £ 0.05 1.341 1.381 1.135
6 nm SiO, 2.47 £+ 0.03 3.45 + 0.04 4.37 £+ 0.03 1.242 1.242 1.168
9 nm SiO, 2.45 £ 0.03 3.97 + 0.03 5.09 £ 0.03 1.168 1.148 1.164
12 nm SiO, 2.47 + 0.02 4.29 £+ 0.04 5.41 + 0.02 1.612 1.151 1.180
15 nm SiO, 2.47 £ 0.01 4.75 £ 0.01 5.71 +£ 0.02 1.311 1.176 1.181
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components is observed for a 1 nm layer of SiO,, while the
magnitude of both the decay times increases with an increase in
the thickness of the SiO, as shown in Fig. 4a. The change in longer
decay time (tg) with the change in thickness of the protecting layer
is shown in Fig. 4b. We can see that the magnitude of the decay
values shows a decrease with the 1 nm layer of SiO,, and then
further increases with an increased distance from the SiFs.
Further, we have also observed a decrease in delayed fluorescence
decay time 7,5 on SiFs ~3.28 ms for the eosin dye molecule close-
to silver as compared to glass ~4.71 ms and a decrease in
phosphorescence decay time tp on SiFs ~3.88 ms close-to silver
is observed as compared to glass ~6.80 ms. The magnitude of
both the decay values shows a decrease with the 1 to 3 nm layer
of SiO,, and then further increases with an increased distance
from the SiFs similar to the fluorescence decay as shown in
Fig. 4b. The metal enhanced phosphorescence decay time is
shorter, as expected, than the metal-enhanced delayed fluores-
cence lifetime. These findings are consistent with our previously
reported findings and trends for MEF’ "> and MEP.'®'®
Subsequently in this work, 2D theoretical finite-difference
time-domain (FDTD) simulations were also undertaken using
Lumerical FDTD Solution software (Vancouver, Canada) to
study the near-field relative electric field intensities and dis-
tributions around silver nanoparticles (NP), and to study how
the E-field effect correlates with the observed changes in the
distance dependence of metal enhanced fluorescence (MEF) for
the Ag-SiO, sample embodiments. The simulation region was
set to 600 x 600 nm* with high mesh accuracy. To minimize
simulation times and maximize the resolution of field enhance-
ment around the metal particles, a mesh override region was
set to 0.1 nm. The overall simulation time was set to 100 fs;
calculations were undertaken over the wavelength range 300 to
600 nm. In these simulations the incident field is defined as a
plane wave with a wave-vector that is normal to the injection
surface (depicted as a white arrow in Fig. 5) and the scattered
and total fields are monitored during the simulation such that
the total or scattered transmission can be measured. Further,
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Fig. 4 (a) Decay curves of the fluorescence of eosin (10~ M) in glycerol (i) on a glass slide, (i) on SiFs, (iii) 1 nm SiO, coated on SiFs and (iv) 3 to 15 nm SiO, coated on SiFs
(b) variation of decay time components of eosin (i) fluorescence, (ii) alpha fluorescence and (iii) phosphorescence from SiFs coated with different thicknesses of SiO,.
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Fig. 5 (a) Decay of the E-field intensity upon the distance from a Ag-NP. The

E-field was calculated from the 2D FDTD simulation for the system: the 120 nm
silver core of the nanoparticle is covered with an SiO, shell of 10 nm thickness.
(b) The 2D distribution of the E-field around the NP. Arrow shows the direction of
incident light at a 400 nm wavelength. Red arrows show the axis along which the
E field intensity was calculated [NP — nanoparticles].

distributions of E-fields around different layers of SiO, coated silver
nanoparticles and their extinction cross-section upon intensity of
the incident light were also undertaken to rationalize the distance
dependence E-field prorogation around nanoparticles.

19542 | Phys. Chem. Chem. Phys., 2013, 15, 19538-19544

The decay of the E-field intensity as a function of distance
from a Ag-NP is shown in Fig. 5a. The E-field was simulated for
a 120 nm silver core nanoparticle covered with a SiO, shell of
10 nm thickness. Fig. 5b shows the 2D distribution of the E-field
around the NP. While the white arrow shows the direction of
incident light injection, the red arrows show the axis along
which the F intensity was calculated (see Fig. 5a). Fig. 6a shows
that the E-field on the silver surface increases almost 2-fold upon
depositing SiO, which we attribute to the change in polarity and
reflective index of the NP’s environment, while on the surface of

4 E-field intensity on:
—— Ag surface
— SiO, Surface
2 T T T T
0 4 8 12 16
Thickness of SiOzsheII, nm
6004 (b)

N
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=]
n

Cross-section, nm
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Fig. 6 (a) The E-field on the silver surface increases almost 2-fold upon deposit-
ing SiO, on the nanoparticle surface, i.e. upon the change of polarity of the NP
environment, while on the surface of a glass shell the intensity of the E-field
increases and then decays with the distance (glass thickness) from the Ag-NP
surface. (b) Extinction and absorption spectra of a Ag-NP covered with glass of
different thicknesses, from 0 to 15 nm. Plasmon scattering component of silver
NP extinction spectra increases upon thickening of the SiO, shell.
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factor (E.F.) of eosin (i) fluorescence, (i) alpha fluorescence and (iii) phosphorescence experimentally determined from silver coated at different thickness on the glass
slide. E.F. — defined as the emission from the silvered substrate divided by that from an unsilvered otherwise identical control sample.

the glass shell the intensity of the E-field increases and then
decays with distance. Interestingly, the plasmon scattering com-
ponent of the silver NP extinction spectra (Fig. 6b) increases
upon thickening of the SiO, shell. These results are in very good
agreement with the experimental observations as shown in
Fig. 1. To further understand E-field enhancements, FDTD
calculations were also undertaken for the inverse sample embodiment.
These results indicate that maximum MEF will occur for a system
having a 10 to 20 nm silver layer on 120 nm SiO, Fig. 7a. These
results are also in very good agreement with the associated experi-
mental findings of MEF,* but surprisingly, no initial decrease in
luminescence is observed as in Fig. 6a for the alternative samples
embodiment, Fig. 7b. This suggests that the numerous reports of
decreased fluorescence of SiO, coated Ag, may well be simply
reflecting decreased electric field intensity, as compared to reports
of close range fluorescence quenching.">?**

Finally, it is notable that the enhanced fluorescence,
phosphorescence and delayed fluorescence intensities follow the
distribution of nearfield intensity, suggesting that near field
enhancement may to some degree be predicted using numerical
simulations, even for molecules exhibiting complex photophysics
such as eosin. To the best of our knowledge this is the first paper
describing the distance dependence of luminescence enhancement
on the emissive states from within the same system.

4.0 Conclusions

The distance dependence of the singlet and triplet character of
eosin from the silver nano-structured material (SiFs) was under-
taken using different spacer layers of SiO,. A 1 nm layer of SiO,
was found to yield maximum absorption, singlet and triplet
emission enhancement along with a corresponding maximum
decrease in luminescence decay time. Further a very good
correlation was observed in these experimental findings with

This journal is © the Owner Societies 2013

theoretical FDTD numerical simulations. Surprisingly, the FDTD
results suggest that a decrease in emission below 1 nm is due to
a change in the microenvironment/refractive index of the SiO,
layer and not due to quenching of the fluorophore, as reported by
others.! Further, on comparing these results with the distance
dependence of fluorescence for different layers of metal on glass,
it appears that the maximum enhancement occurs for a 15 to
20 nm silver layer. Subsequently, our findings suggest that a
15 to 20 nm silver layer coated with 1-2 nm of SiO, would yield a
modestly enhancing surface for potential applications in surface
bioassays.
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