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In the past several years we have demonstrated the metal-enhanced fluorescence (MEF) and the
significant changes in the photophysical properties of fluorophores in the presence of metallic nanostructures
and nanoparticles. MEF is largely dependent on several factors, such as chemical nature, size, shape of
the nanostructure, and its distance from the interrogating fluorophore. Herein, we elucidate the potential
of layer-by-layer (LbL) assembly to understand the distance dependence nature of MEF from
sulforhodamine B (SRB) assembled on the plasmonic nanostructured surfaces [in the form of Silver
Islands films (SIFs)]. The varied proximity of fluorophores from the SIF surfaces was controlled by
constructing different numbers of alternate layers of poly(styrene sulfonate) (PSS) and poly(allylamine
hydrochloride) (PAH). An anionic laser dye SRB could be electrostatically attached to the positively
charged PAH layer. Orientation of the SRB probe molecule adsorbed in PSS/PAH-layered assembly was
determined by polarized absorption spectroscopy. The observed tilt angle of the probe transition dipole
moment with respect to the surface normal was 40°. Our results show that MEF is indeed distance-
dependent. Accordingly, we observed a maximum of a ~6-fold increase in the fluorescence intensity
from a monolayer of the SRB at a distance of ~9 nm from the metal-nanostructured surface, with the
enhancement decreasing down to ~1.5-fold at about a 30 nm separation distance. Consistently, the
minimum lifetimes were about 4-fold shorter than those on glass slides without silver, with the lifetimes
being about nearly the same for 15 layers of the PSS/PAH assembly. The intensity—time decays were
analyzed with a lifetime distribution model to underpin the distance effect on the metal-fluorophore
interaction in the nanometric range. The present study provides improved understanding of the interaction
between plasmonic nanostructures and fluorophores and, more importantly, their distance dependence
nature, where we used a robust, easy, and inexpensive alternate electrostatic LbL. assembly as a bottom-

up nanofabrication technique to control the probe distance from the surface.

1. Introduction

Plasmonic metal nanostructures and nanoparticles have
received increased attention because of the tunability of their
optical properties with the particle size, shape, and assembly
process.'™” Silver nanostructues have strong optical absorp-
tion in the visible spectral region caused by excitation of
collective oscillations of free electrons. The resonance
frequency as well as the plasmon absorption band depends
on the nanoparticle size and interactions between those.
Metallic nanostructures enhance the local optical fields via
localized plasmon resonances and thus improve the light
absorption and emission process. These enhanced local field
effects are one of the major reasons for observation of
increased emission, which is known as metal-enhanced
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fluorescence (MEF)*'* of fluorophores near roughened or
particulate metal surfaces.

MEF arises from the electromagnetic interactions that
occur between fluorescent probes and metal nanoparticles
that have appropriate enhancing optical properties. Under
suitable conditions, the close proximity of fluorophores to
metal particles has a dramatic effect on fluorescence quantum
yields and lifetimes. Near-field interactions of the fluoro-
phores with the metal can cause more rapid emission of the
fluorophore.! We have shown that the metal nanoparticles
could change the radiative decay rates of fluorophores.” >
These changes occur because of modifications of the photonic
mode density near the particle. Using metal nanoparticles,
we could engineer changes in the emission based on the
fluorophore—metal particle geometries. This use of fluoro-
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phore—metal interactions, also known as plasmon-controlled
fluorescence, represents a paradigm shift in fluorescence
detection using metallic nanostructures." MEF is of great
interest because of the widespread use of molecular fluo-
rescence-based measurements and devices in chemistry,
molecular biology, materials science, photonics, and medi-
cine. Because of these applications, it is important to
understand these interactions in terms of the effects of
chemical nature, size, shape of the nanostructure, and its
distance from the interrogating fluorophore.””™* A detail
understanding of the MEF and its distance dependence nature
is vital for its potential application in biomedical sensing.?*

Layer-by-layer (LbL) assembly®>~® is based on the se-
quential adsorption of polycations and polyanions from dilute
aqueous solution onto a solid substrate as a consequence of
the electrostatic interaction and complex formation between
oppositely charged polyelectrolytes. Starting from a func-
tionalized solid substrate, it is possible to adsorb a variety
of charged species ranging from polyelectrolytes, nanopar-
ticles, and ionic dyes to many biological agents such as
viruses, proteins, and DNA. Over the past several years, the
LbL technique has evolved into a versatile and powerful
method to grow thin polymeric films on a variety of solid
substrates. Importantly, LbL can be carried out at room
temperature and it requires neither sophisticated instruments
nor subsequent annealing of the deposited film, so that a wide
variety of the substrates can be used. The spontaneous
sequential adsorption of dissolved anionic and cationic
polyelectrolytes leads to the formation of ordered multilayer
assemblies on a solid substrate. The complete reversal of
surface charge after each immersion is the crucial factor for
a regular stepwise growth of the multilayer films. The
ultrathin films formed by LbL assembly have been shown
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Figure 1. Molecular structures of SRB, PAH, and PSS.

to be uniform and of precisely controllable thickness. The
LbL adsorption technique is an easy and inexpensive process
for multilayer formation and allows different types of
materials to be incorporated into the film structures. Fur-
thermore, with LbL assembly the distance between the
spherical metal colloid and the fluorophore, as well as
between planar metallic nanostructures and the fluorophore,
could be controlled. The LbL method already shows fabrica-
tion of nanostructures with the positioning of target materials
in desired geometries. The LbL assembly has been recently
shown to be effective as a versatile bottom-up nanofabrica-
tion technique.

In the present work, we take advantage of this simple well-
established LbL technique to fabricate the samples with
varied probe distances from the plasmonic nanostructured
surface to reveal the distance effect on the MEF. In this LbL
assembling process, multilayered structures of poly(styrene
sulfonate) (PSS) and poly(allylamine hydrochloride) (PAH)
are fabricated in a well-defined and controllable manner.
Subsequently, anionic sulforhodamine B (SRB) is incorpo-
rated into the topmost positively charged PAH layer. The
distance between SRB and the metal surface is modulated
by using different numbers of PSS/PAH layers. Lavalle et
al.® reported the growth of the PSS/PAH multilayers by
means of in situ atomic force microscopy and by optical
waveguide light-mode spectroscopy. These studies showed
that PSS/PAH films followed a linear growth with the
number of deposited layer pairs. The analysis of the structure
of the PSS/PAH films reveals a smooth featureless surface
covered by small globules. A detailed investigation using
steady-state and time-resolved fluorescence spectroscopy has
been carried out to unravel the distance effect on the MEF.
By studying the distance dependence of molecular fluores-
cence enhancement by plasmonic nanostructures, we can gain
a comprehensive understanding of metal-nanostructure/
nanoparticle—fluorophore interactions at the nanoscale level.
Increased understanding of this interaction will ultimately
lead to design strategies for optimizing fluorescence en-
hancement with adjacent metallic nanostructures, a highly
useful goal with direct relevance in many molecule-based
measurement or device applications.

2. Experimental Details

Sodium salt of poly(styrene sulfonate) (PSS; MW 70000),
poly(allylamine hydrochloride) (PAH; MW 50000-65000), sulfor-
hodamine B (SRB; Figure 1), and cysteamine were obtained from
Sigma-Aldrich-Fluka. Polyelectrolytes and other chemicals were
used without further purification. Deionized water, purified using
a Millipore Milli-Q gradient system with a resistivity of 18.2
MQ-cm, was used for LbL assembly. Silver nitrate, ammonium
hydroxide, sodium hydroxide, and D-glucose were obtained from
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Sigma-Aldrich and used as received. Premium-quality (aminopro-
pyDtriethoxysilane (APS) coated glass slides were obtained from
Sigma. Silver Island films (SIFs) were grown on the silanated glass
slides using the method reported previously by us.'® This procedure
consists of reducing silver nitrate with D-glucose under controlled
conditions and results in a partial coating of the slide with SIF.
Briefly, about 1.5 mL of a freshly prepared 5% NaOH solution
was added to a stirring aqueous silver nitrate solution (0.375 g in
45 mL of water) in a glass beaker. Subsequently, the resulting dark-
brown precipitate was redissolved by slowly adding 1 mL of
NH;OH. The solution was cooled to 5 °C in an ice bath and a
fresh solution of D-glucose (0.540 g in 11 mL of water) was added,
followed by four pairs of APS-coated glass slides placed into this
solution. The mixture was stirred for 2 min in an ice bath and then
allowed to warm to 30 °C for the next 5 min. As the color of the
mixture turned from yellow-greenish to yellow-brown, the color
of the slides became greenish. The slides were removed from the
beaker and rinsed with Milli-Q water. Excess and nonadhesive silver
particles on the glass surface were removed by mild sonication of
the SIF-coated glass slides for 1 min. As a result of using a sandwiched
glass pair for SIF formation, only one side of each slide was coated
with SIF. The diameters of the islands are typically 100-500 nm across,
and the heights of the islands are ~60 nm. The SIF slides were stored
in Milli-Q water until they were used for LbL deposition. SIFs coated
on glass slides displayed the characteristic surface plasmon resonance
with an absorption maximum near 460 nm.

PSS and PAH at concentrations of 3 and 2 mg/mL, respectively,
were dissolved in pure water. All of the polyions are expected to
be strongly charged at neutral pH (~6.5). The commercially
purchased amine-terminated glass slides were used after drying with
air to remove dust particles from the surface. The SIFs were
incubated overnight with a 1 mM ethanolic solution of cysteamine
and then rinsed with copious amounts of ethanol and Milli-Q water.
This step forms a self-assembled monolayer of cysteamine on the
surface of the SIFs, and thus SIF surfaces are functionalized with
amines and positively charged. Amine-functionalized glass and SIFs
were used as substrates. These positively charged substrates were
used for polyelectrolyte deposition beginning with a polyanion (PSS
in the present case).”” LbL assembly of PSS/PAH on functionalized
glass or SIF substrates was carried out manually. The substrates
were immersed in a PSS solution for 20 min, followed by a wash
in water for 5 min, and immersed again in the PAH solution for 20
min, followed a wash for 5 min. The water washing between the
consecutive adsorptions was effective for successful alternate
adsorption. Multilayer assemblies consisting of 1-15 layers of PSS
and PAH were prepared by consecutive adsorption of both
polyelectrolytes. A schematic representation of the buildup of a
multilayer film at the molecular level is shown in Figure 2. A
positively charged substrate adsorbs PSS and PAH consecutively;
in this example, the counterions have been omitted for clarity. In
the outermost layer (PAH in the present case), SRB was adsorbed.
It is important to mention that no adsorption of SRB was observed
when the outermost layer was PSS. The thickness of the film was
varied by inserting different numbers of PSS/PAH layers. We first
adsorb SRB directly onto both functionalized glass and SIF surfaces
to obtain the probe layer with near O nm distance from the surfaces.
Subsequently, to get a probe layer with a defined distance from
the surfaces, we deposited the required number (i.e., 2, 3, 4, 6, 9,
or 15) of PSS/PAH layers (Figure 2). Each layer of the PSS/PAH
assembly adds a distance of about 2.1 nm. Subsequently, using 2,
3,4,5,6,9, and 15 layers of PSS/PAH results in probe layers on
SIF surfaces with distances (d) of approximately 4.2, 6.3, 8.4, 10.5
12.6, 19, and 32 nm, respectively. After the layers were completely
dried at ambient conditions, SRB was incorporated into the PSS/
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Figure 2. Schematic representation of the LbL assembly by adsorption of
a polyanion (PSS) and a polycation (PAH). Glass and SIF surfaces were
initially functionalized with amines to render a positively charged surface.
The thickness of the film was varied by inserting different numbers of PSS/
PAH layers. In the final layer, SRB was adsorbed on the PAH layer.

PAH nanocomposite assembly by immersion into an aqueous SRB
solution for about 5 min. To avoid any probe aggregation in the
LbL assembly, we used the lowest possible concentration of 1 x
107° M and a short period of immersion time (5 min).*”-*%
Absorption spectra were taken using a Hewlett-Packard 8453
UV-vis spectrophotometer. Emission spectra of the SRB-incorpo-
rated PSS/PAH nanocomposite assembly on both glass and metal
nanostructured substrates were recorded by a Varian Cary Eclipse
fluorescence spectrophotometer. We have used front-face illumina-
tion geometry with 514 nm excitation from a xenon arc lamp. Time-
resolved intensity decays were recorded using a PicoQuant
Fluotime 100 time-correlated single-photon counting fluorescence
lifetime spectrometer. The excitation source was a pulsed laser
diode (PicoQuant PDL800-B) with a 20 MHz repetition rate. The
instrument response function (IRF) is about 60 ps. Emission
lifetimes were measured with vertically polarized excitation. Magic
angle observation was used in the emission path for the time-domain
measurements. Intensity decays were measured through a bandpass
interference filter (Chroma Inc.) in the 570-630 nm spectral region.
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Fluorescence intensity decays are usually described as the sum
of individual exponentials. The intensity decay following d-function
excitation is described by:*°

I(t)= Z oe )
i=1

where 7; are the individual decay times and o are the associated
preexponential factors. The fractional contribution of the ith
component to the total emission is written as

aT;
fi= 2

z T

J

We have normalized the values of a; and f; so that Y ;0; = 1.0 and
> ;i = 1. The average lifetime is given by

=5 Iz, 3)
7
and the amplitude-weighted lifetime is described as
0= ag, “4)

We have extracted the values of a; and ; using PicoQuant Fluofit
4.1 software (Professional Version) with the deconvolution of IRF
and nonlinear least-squares fitting. The goodness-of-fit was judged
by the value of reduced %>.

We now consider an alternative model to analyze the intensity
decay data in which the o; values are not discrete amplitudes at 7;
but rather are described by a continuous distribution of a(z). The
intensity decay then contains components of each lifetime v with
an amplitude a(7). The component with each individual 7 value is
given by*°

I,h=a(t)e " (5)

The total decay law is the sum of the individual decays weighted
by the amplitudes

1= [ a@e " dr (6)
=0
where [o(t) dz = 1. Considering a Gaussian distribution, the a(7)
is given by

I —a2a-p/on
(X.G(T) =——F¢€ rovre @)
27
where 7 is the central value of the distribution and o is the standard
deviation of the Gaussian. For a Gaussian distribution, the full width

at half-maximum is given by 2.354¢0.%°

3. Results and Discussion

Construction of LbL layers of PSS/PAH on both glass and
SIF-coated glass surfaces and subsequent SRB adsorption
are performed conveniently as described in the Experimental
Details section and shown schematically in Figure 2. The
SRB adsorbed in PSS/PAH nanocomposites on a glass
surface shows typical absorption and emission band maxima

(39) Lakowicz, J. R. Principles of Fluorescence Spectroscopy, 3rd ed.;
Springer: New York, 2006.

(40) Bevington, P. R. Data reduction and error analysis for the physical
sciences; McGraw-Hill: New York, 1969.
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Figure 3. Absorption and emission spectra of a SRB-adsorbed PSS/PAH
nanocomposite on a glass surface. Aex = 514 nm.

at 570 and 587 nm, respectively (Figure 3), resulting
presumably from noninteracting monomeric SRB molecules
on the surface. This is in accordance with our previous results
where we discussed the effect of the SRB concentration and
aggregation pattern on both its absorption and emission
spectra from a glass surface.”’® In the present study, we
have particularly chosen the lowest possible dye concentra-
tion of 1 x 107® M and a minimum dye adsorption time to
avoid SRB aggregation in the PSS/PAH layer and subsequent
complications in the MEF.

The effect of probe orientation on the MEF is not fully
explored, and it is not in the scope of this study. However, it is
important to determine the orientation of the probe incorporated
in the PSS/PAH LbL assembly to help in the understanding of
the metal-fluorophore interaction. Polarized visible absorption
or IR-attenuated total reflection spectra can provide an indication
of the order and orientation of the probes in ultrathin films
deposited on solid substrates. In the present case, polarized
visible absorption spectra have been used to determine the
orientation of the SRB molecule in LbL assembly. Figure 4
shows the absorption spectra measured for a SRB-adsorbed
PSS/PAH nanocomposite on glass (only one side of the
substrate) at two incident angles. At the normal incidence, the
absorption intensities for the p- and s-polarized lights are almost
the same. This suggests that the vectors of the transition dipole
moments of the SRB molecules are uniformly distributed over
the film surface, taking a constant angle with the surface normal.
On the other hand, when the film was tilted 45°, the absorption
under the s-polarization mode is stronger than that of the
p-polarization; the unpolarized absorption falls between the two
extremes. A quantitative evaluation of the molecular orientation
of the SRB molecule was made by considering four phases,
namely, air, LbL assembly, substrate, and air. Assuming a
uniaxial orientation of the transition dipole moment with the
angle 0, the ratio between p- and s-polarized intensities is*’
A, n,cosi-+n,cos rI

p

) 2nn, sin” i
— l cosicosr+ ————

4.2
n, tan” 0

A B n, cos r+n;cos i
®)

where the refractive indices of four phases are assumed to
be n; = 1.00 (air), n, = 1.50 (LbL film), and n; = 1.54
(substrate), i is the angle of incidence at the LbL film, and
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Figure 4. Polarized absorption spectra of a SRB-adsorbed PSS/PAH
nanocomposite on glass at incidence angles of 0 and 45°. Solid and dashed
lines indicate the absorption spectra for s- and p-polarized light, respectively.
The observed tilt angle of the SRB transition dipole moment (along the
long axis) with respect to the surface normal is ~40°.

r is the angle of refraction at the interface of the LbL film
and substrate that can be evaluated from »n, sin i = n3 sin r.
0 is the tilt angle of the transition dipole moment of the SRB
probe molecule with respect to the surface normal. From
the above equation, we evaluated the tilt angle, 6, of 40°
for the SRB molecule adsorbed with the PAH layer. Because
the direction of the transition moment of the SRB molecule
is assigned along the long axis, this measurement suggests
that the SRB molecule tilted considerably from the surface
normal, as shown schematically in Figure 2. Additionally,
it is worthwhile to mention that we observed very similar
probe orientation irrespective of the probe distance from the
glass surface.

Subsequently, after exploring the photophysical properties
and orientation of the adsorbed SRB probe molecule on the
PSS/PAH assembly, we performed a detailed investigation
on the SRB-adsorbed PSS/PAH nanocomposites on the
metal-nanostructured surfaces. The fluorescence emission
spectrum of SRB incorporated into PSS/PAH layers with a
~8.4 nm probe separation distance from SIF surfaces is
shown in Figure 5 (top panel). The corresponding emission
spectrum of SRB on PSS/PAH nanocomposites on a glass
surface is also included in the plot for comparison. To obtain
a meaningful comparison, we maintained all of the experi-
mental settings while collecting the fluorescence emission
spectra from both substrates. The SRB absorbed in the PSS/
PAH LbL assembly has an emission band maximum of ~587
nm from both glass and SIF surfaces. Interestingly, we have
observed very similar spectral features, except differences
in their intensities, from the probe on both glass and SIF
surfaces. The intensity-normalized emission spectra of a
SRB-adsorbed LbL assembly on both glass and SIF surfaces

(41) Stanescu, M.; Samha, H.; Peristein, J.; Whitten, D. G. Langmuir 2000,
16, 275.

Ray et al.

SI

Fluorescence Intensity (arb. units)

Glass

0 L 1 L 1 . 1 . 1
560 580 600 620 640 660 680

Wavelength (nm)

Normalized Fluorescence intensity

0.0 . 1 . I . I . I . I .
560 580 600 620 640 660 680

Wavelength (nm)

=

Intensity (Counts)

s

Time / ns

Figure 5. Fluorescence emission spectra of a SRB-adsorbed PSS/PAH
assembly on SIF and glass surfaces (top panel), corresponding intensity-
normalized spectra (middle panel), and SRB intensity decays from metalized
and nonmetalized areas (bottom panel). The IRF also included in the figure.

are shown in Figure 5 (middle panel).

We recorded the time-domain intensity decays from the
SRB-adsorbed PSS/PAH layers on both glass and SIF
surfaces. Intensity decays observed for the SRB on glass and
SIFs with a probe distance of ~8.4 nm from the surfaces
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are depicted in Figure 5 (bottom panel). The solid lines
indicate the best fit to the experimental decay curves. As
can be seen from the figure, SRB shows faster intensity decay
on the SIF surface as compared to that on the glass surface.
Accordingly, we observed a ~3-fold shortening in the
lifetime from the SIF surface. This shortening of the lifetime
and the observed increase in the fluorescence intensity on
the SIF surface (Figure 5) are presumably due to the
interaction of SRB molecules with the silver nanoparticles.
We have taken sufficient precautions to make sure the
observed reduced lifetime, especially the short component
in the probe intensity decay from the SIF surface is not due
to the scattered light but to the SRB emission. This is because
noble metal colloids show strong scattering properties, and
the scattering from colloids may contribute to the observed
short lifetime. To determine contributions from SIF scattering
on the observed lifetimes, we performed a set of control
experiments on the glass and SIF substrates without any dye
molecule on the PSS/PAH layers. We observed almost no
signal with the combination of filters used to detect the SRB
emission, indicating that the observed reduction in lifetimes
is the result of near-field interactions of SRB with SIF
surfaces. The increase in the emission intensity and the
decrease in the fluorescence lifetime suggest an increased
radiative decay rate in the presence of metal nanoparticles
and are in accordance with the radiative decay engineering
model.”'°

To study the distance effect on the MEF, we conducted a
systematic sets of experiments on SRB-adsorbed PSS/PAH
nanocomposites assembled on both glass and SIF surfaces,
where the SRB distance is varied from 0 to 32 nm from the
surfaces. Figure 6 (top panel) shows the fluorescence
emission spectra from SRB-adsorbed PSS/PAH layers with
varied probe distances from the SIF surface. The fluorescence
spectra and emission intensities from the SRB-adsorbed PSS/
PAH nanocomposite at different distances from the glass
surfaces are similar. On the other hand, SRB from the SIF
surface shows significant changes in the fluorescence intensi-
ties with the distances between the metal and the fluorophore.
The enhancement factors (the ratios between the integrated
areas under the spectral region) of SRB on SIFs over glass
surfaces are plotted as a function of the metal-fluorophore
distance (shown in Figure 6, bottom panel). The largest
enhancement of ~6-fold is observed for the SRB-adsorbed
PSS/PAH nanocomposite with the probe distance of 8.4 nm
from the SIF surface. The intensity relative to the glass
surfaces decreases progressively with an increase in the
number of PSS/PAH layers to an enhancement near 1.5-fold
for 15 layers of the PSS/PAH assembly. Interestingly, we
have also observed a monotonic reduction in the fluorescence
intensity (from 6-fold to 0.5-fold) with a decrease in the
probe distance from 8.4 to O nm. The present study shows
that the MEF is distance-dependent. The decrease in the
fluorescence enhancement below a 8.4 nm distance from the
metalized surfaces could be related to the usual quenching
of emission when the fluorophores are in close proximity to
the metals.

Time-resolved fluorescence measurements provide a wealth
of information related to the system under investigation and
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Figure 6. Effect of SRB to SIF surface distances on the fluorescence
intensity (top panel) and the fluorescence lifetime (middle panel). The bottom
panel shows the effect of the probe distance on the fluorescence enhancement
and the ratios of average lifetime Tglass/Tsirs.

the microenvironments around the fluorophores.** A com-
bination of quantum yields with the lifetimes of SRB
incorporated on PSS/PAH nanocomposites on glass and SIF
surfaces will provide more insights into its distance-depend-
ent metal-fluorophore interactions. Subsequently, we mea-
sured the fluorescence intensity decays for all SRB-adsorbed
PSS/PAH nanocomposites assembled on both SIF and glass
surfaces. Figure 6 (middle panel) shows the corresponding
fluorescence intensity decays from the SIF surface. SRB-
adsorbed PSS/PAH nanocomposites on SIFs with varied
distances show significant changes in the intensity decays,
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Figure 7. Fluorescence lifetime distributions of the SRB monolayer at
multiple distances from the SIF surface. A lifetime distribution of the SRB
monolayer on a glass substrate is also included for comparison.

whereas the corresponding intensity decays from glass are
insensitive to the probe distance from the surface (not
shown). The intensity decay of a SRB-adsorbed PSS/PAH
assembly on glass is also included in Figure 6 (middle panel).
The shortest intensity decay was observed at a distance of
4.2 nm from the metal. The average lifetimes are consistently
increased with an increase in the distance from the SIF
surface from 4.2 to 32 nm. Furthermore, the SRB layer within
the contacting distance (i.e., 0 nm) from the SIF surface
shows longer decay than the SRB probes positioned at a
distance of 4.2 nm from the SIF surface. One explanation
of this effect is that the SRB molecules directly on the silver
surface are quenched, and the observed decay is due to SRB
molecules in the region of the slide, which are distant from
the metal. The ratio of the average lifetimes of each particular
probe layer on glass and that on the SIF surface was plotted
as a function of the distance from the SIF surface (Figure 6,
bottom panel). The highest factor of reduction in the
fluorescence lifetime of about 4.5-fold is observed from the
SRB-adsorbed PSS/PAH nanocomposite layer with 4.2 nm
distance from the SIF surface. When the fluorophores are
spaced by 32 nm distance from the metal surface, the
emission lifetimes of SRB-adsorbed PSS/PAH nanocom-
posite layers on SIF and glass surfaces are nearly the same.
The reduction in the fluorescence lifetime on the SIF surfaces
at distances from 0 to 20 nm could result from an increase
in the radiative decay rate as well as could be due to
increased nonradiative interactions between the metal and
fluorophore.

These metal-nanostructured substrates are inherently het-
erogeneous. To unravel the heterogeneity in the distribution
of fluorophores on metal-nanostructured substrates, we have
analyzed the intensity decay kinetics using an alternative
model, which allows for a continuous distribution of decay
times. We have performed a comparative study on the
lifetime distributions of the probe incorporated in the PSS/
PAH nanocomposite assembly on glass and SIF surfaces
(Figure 7). We have observed similar distributions of SRB
molecules for different distances from the glass substrate (not
shown). A representative lifetime distribution of the SRB
incorporated in the LbL assembly on glass surfaces is shown

Ray et al.

in Figure 7. The major lifetime distribution that centers
around 250 ps is observed when the SRB molecules are
directly on the SIF surface. The measured lifetime distribu-
tions of the SRB probe, as presented in Figure 7, show an
interesting trend when assembled on the SIF surface and are
generally the center of the short (major) lifetime distribution
shifts toward longer lifetimes with an increase in the distance
between metal and fluorophores. The full width at half-
maxima (fwhm) of the Gaussian distributions on SiF surfaces
are systematically increased as a function of the increasing
distance between the metal and fluorophores. The center of
the lifetime distribution is indicative of the average microen-
vironments surrounding the SRB probe, while the distribution
width is related to the range of environments.*?

The present study clearly shows that the fluorescence
intensities, or, in other words, the quantum efficiencies, and
radiative decay rates vary as a function of the metal-fluo-
rophore distance. In general, the quantum yield and lifetime

of a fluorophore are described as®'®
r
RO ©
1
T Tk 10

where I" and k,, are the radiative and nonradiative decay rates,
respectively. In proximity to the metallic surfaces and/or
particles, eqs 9 and 10 are modified as

o NI
T "
g = (12)
mT NI +k,

The radiative decay rate is increased to N,I" in the presence
of plasmonic metal nanostructures. k' is the nonradiative
decay rate in the presence of metal particles. The ratio of
fluorescence quantum yields in the presence and absence of
metal is interrelated as

®, N(T+k) Nz,

®, NI+k, 1,
The changes in the rates of emission (N;) and excitation (Ney)

as a function of the metal-fluorophore distance (d) could be
written as

(13)

N(d)=N"" exp(— Rji) +1 (14)
N, (d)=N*" exp(— Ri) +1 (15)

R, and R, are the characteristic distances over which N,
and N decrease to 1/e exponentially. The measured
emission intensity with (I,) or without (/p) metal could
be related as

Qm
ImZIOEONex(d) (16)

Combining eqs 13-16, the total fluorescence intensity could
more explicitly be written as

(42) D’Auria, S.; Bazzicalupo, P.; Rossi, M.; Gryczynski, I.; Lakowicz,
J. R. J. Fluoresc. 2000, 10, 27.
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We analyzed our experimental steady-state intensities and
fluorescence lifetimes data of SRB at various distances from
the plasmonic metal-nanostructured surfaces. By fitting the
experimental steady-state and time-resolved data with eq 17,
the values of the free parameters N°—° = 5, N4 ° = 10, R,
= 17 nm, and R., = 5 nm were obtained. Furthermore, our
analysis reveals that the rate of excitation is increased by a
factor of 10 and arises at a distance of 5 nm, whereas the
increase in the radiative decay rate is 5-fold and this increase
continues over a distance of ~17 nm. The radiative decay
and excitation rates were extracted from the spectral param-
eters and are plotted as a function of metal-fluorophore
distance, as shown in Figure 8. It is apparent from the
normalized distance-dependent plot that the increases in
radiative decay occur up to a distance of ~20 nm and the
enhanced excitation takes place below ~10 nm.

4. Summary

In this study, we have controlled the metal-fluorophore
distance by a polyelectrolyte alternate LbL. assembly tech-
nique. We examined the steady-state and time-resolved
fluorescence spectral property of SRB at various distances
from the metal-nanostructured surfaces. SRB-adsorbed LbL
assembly of anionic and cationic polyelectrolytes PSS and
PAH was successfully utilized to explore the distance-
dependent nature of MEF. Our results summarize that
maximum fluorescence enhancements occur about 8—9 nm
from the metal-nanostructured surface, a distance that could
readily be obtained by one or two layers of proteins. Lifetime
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Figure 8. Normalized rate of excitation [Nex(d)/N9°] and rate of radiative
decay [Nr(d)/Ni’ZO] as a function of the distance from the metal surface.

distributions have been recovered from fluorescence decay
curves to unravel the heterogeneity in the distribution of SRB
probes in the nanocomposite assembly. The bimodal distri-
bution appears to be an acceptable description of the lifetime
of the SRB adsorbed on the PSS/PAH LbL assembly at
varied distances from the plasmonic nanostructured surfaces.
This lifetime distribution analysis is a useful tool in the
surface photophysical studies especially when the fluoro-
phores are located in proximity to the heterogeneous plas-
monic nanostructured surfaces.
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