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Abstract. We have studied the influence of shape and chemical content of metallic
nanostructures (gold-palladium core—shell nanorods, gold nanobipyramids and
single-crystalline porous palladium nanocrystals) on the Iuminescence of
Rhodamine 6G and Coumarinl53 dyes. The changes found in the emission intensity
are attributed to different proportions of the dyes and the metallic nanostructures.
The enhancement of the fluorescence observed by us for the cases of Rhodamine 6G
with gold-palladium core—shell nanorods and Rhodamine 6G with gold
nanobipyramids suggests their promising plasmonic properties. This may be
regarded as a preliminary step towards development of the fluorescent probes
possessing high photo-sensitivity.
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1. Introduction

Plasmonic-resonance properties of metallic nanoparticles have been extensively used to tailor the
optical properties of organic molecules. Interactions of these nanoparticles with organic-dye mole-
cules can become a basis for many applications, e.g. nanoscale lasers [1], surface-enhanced Raman
spectroscopy [2-3] and plasmon-enhanced fluorescence spectroscopy [4]. These interactions can
also play a key role in the photonic nanodevices. Metallic nanoparticles are able to either quench
or enhance the intrinsic luminescence of an emitter, depending on the distance between the donor
and the emitter. In general, when the incident light falls onto a surface of metallic nanoparticles,
the enhancement of the fluorescence comes from the surface plasmon resonance. This plasmonic
property results in increasing excitation decay rate and increasing radiative quantum efficiency.
Moreover, the dipole energy accumulated at the surface of metallic nanoparticles can suppress the
ratio of the radiative to non-radiative decay rates through the energy-transfer mechanism, thus
leading to quenching of the intrinsic fluorescence from the dye molecules [5].

Up to date, a number of studies have been reported on the properties of combinations of
metallic nanoparticles with dyes. They have demonstrated that the metallic nanoparticles can affect
the emission intensity of the dyes. Nonetheless, these works have mainly studied the effect of size
and concentration of the nanoparticles. Although various shapes of metallic nanostructures have
been dealt with in the past decade [6—8], the results concerned with introduction of the metallic
nanoparticles into fluorescent materials are still limited. This implies a necessity for the further
researches in this direction.

In this work we focus on the effect of plasmonic interactions occurring in the metallic
nanostructures of different shapes, namely gold-palladium core—shell nanorods (abbreviated
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further on as Au@Pd NRs), gold nanobipyramids (Au NBPs) and porous single-crystalline Pd
nanocrystals (Pd PNCs), on the fluorescence of Rhodamine 6G (Rh6G) and Coumarinl53 (C153)
dyes. These dyes have been chosen because they are well enough studied and manifest good
photostability and high quantum yields [9, 10]. In addition, they are widely used as fluorescent
probes in various fields, e.g. in biology, chemistry and medicine (see Refs. [11-13]). For photo-
voltatic applications, one can use the enhancement of fluorescence in these dyes, which takes place
in thin solid films.

2. Experimental

2.1. Samples

Rhodamine 6G and Coumarinl53 were obtained from Aldrich, USA. Au@Pd NRs, Au NBPs and
Pd PNCs were purchased from Nanoseedz Ltd, Hong Kong. These metallic nanostructures were
studied with respect to their influence on the fluorescence emission of the dyes. The main idea
behind our choice was overlapping of the absorption spectra of these nanostructures with the
fluorescent spectra of the dyes, as illustrated in Fig. 1. In our experiments, three sets of solutions
referred to as A, B and C were prepared (see Tables 1 to 3).
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Table 1. Description of set A of metallic-nanostructure solutions in dyes.

Sample Reference Sample (Rh6G + Au@Pd NRs)
(Rh6G in deionized water) M * Rh6G (M) Au@Pd (M)

Al 1.50x10°° 1.50x10°° 3.05%x10°°
A2 7.50x107" 7.50x1077 15.25x107*
A3 3.75%x10° 3.75x1077 76.25x107°
A4 1.88x10/ 1.88x10/ 38.12x107°
A5 9.38x10°° 9.38x10°° 19.06x10°°

* ‘M’ means ‘molar’
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Table 2. Description of set B of metallic-nanostructure solutions in dyes.

Sample Reference Sample (Rh6G + Au NBPs)
(Rh6G in deionized water) M * Rh6G (M) Au (M)
BI 1.00x10°° 1.00x10°° 83.8x107°
B2 0.50x10°° 0.50x10°° 41.9x10°°
B3 2.50x10"" 2.50x107 20.9x10°°
B4 1.25%10°7 1.25x10”" 10.5x10°°
B5 6.25x10° 6.25x10°° 5.24x10°°

* ‘M’ means ‘molar’

Table 3. Description of set C of metallic-nanostructure solutions in dyes.

Sample Reference (C153 in ethanol) M* Sample (C153 + Pd PNCs)
Coul53 (M) Pd (M)
Cl 270.83x10°° 270.83x10°° 14.68%10°
2 268.75x107° 268.75%107° 7.34%10°
C3 267.70x10°° 267.70x107° 3.67x107°
C4 267.19x10°° 267.19x10° 1.83x10°°
C5 266.92x107° 266.92x107° 0.91x10°

* ‘M’ means ‘molar’

2.2. Experimental section

The absorption spectra of our samples prepared as explained above were measured in the
wavelength region 350-800 nm, using an optical spectrometer Avantes 2048. A tungsten lamp was
used as a light source. To measure the fluorescence spectra of the dyes, high-power green light
emitting diodes (the excitation wavelength 516 nm and the power 1 W) were used for exciting
Rh6G and ultraviolet light emitting diodes (the excitation wavelength 398 nm and the power 1 W)
for exciting C153. A right-angle detection scheme was employed, as shown in Fig. 2.
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Fig. 2. Schematic diagram of measurements of the fluorescence spectra based upon right-angle detection
geometry.

3. Results and discussion

Fig. 3 illustrates only some of many examples of the detailed fluorescence spectra for the dyes
obtained in the presence (or absence) of the metallic nanostructures, Au@Pd NRs, Au NBPs and
Pd PNCs, which have different shapes.

As seen from Fig. 3, the fluorescence signal from the dyes can be enhanced by adding the
metallic nanostructures. This is accompanied by virtually no changes in the spectral shapes. The
exception is the system denoted in concise form as Rh6G + Au@Pd NRs, for which the spectral
shape becomes somewhat different from that of the pure dye. Namely, the spectral maximum of
the fluorescence intensity for the latter system reveals a clear blue shift. Perhaps, the reason lies in
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collisions of Rh6G with Au@Pd NRs, which can change the local dielectric environment of the
nanorods. The enhancement of the emission observed by us is explained by the two reasons. The
first is an increased absorption rate of the dyes due to plasmonic coupling with the metallic nano-
structures. The second is a possibility of orientation of the metallic nanostructures, which controls
the plasmonic interactions between the metallic nanostructures and the dye molecules.
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Fig. 3. Fluorescence spectra of Rh6G and C153 dyes,
as measured in the presence or absence of the
metallic nanostructures (see the legends): (a)
fluorescence of pure Rh6G and Rh6G with Au@Pd
NRs (sample A3); (b) fluorescence of pure Rh6G and
Rh6G with Au NBPs (sample B2); (c) fluorescence of
pure C153 and C153 with Pd PNCs (sample C2).

In order to examine quantitatively the influence of concentration of the metallic

nanostructures on the emission intensities measured for our dyes, we have calculated the ratio of
the peak fluorescence intensity for the dye—nanoparticles mixture and the relevant peak intensity
for the pure dye. The values of this parameter obtained for different samples under test are

displayed in Fig. 4.
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Fig. 4. Enhancement of peak fluorescence intensities for the dyes Rh6G or C153

calculated for the sample sets A, B and C.

The dye molecules are located very close to the metallic nanostructures at high

concentrations of the metals and the dyes (e.g.,

for the samples Al, B1 and C1). Then the non-
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radiative transfer of charge carriers to the metallic nanostructures could also be significant, thus
leading to decreasing fluorescence intensity. The fluorescence intensity becomes higher when the
metal and dye concentrations decrease (e.g., for the samples A2, B2 and C2). This seems to be
natural because the spacing between the dye molecules and the nanostructures increases and only a
small number of dye molecules can couple with the metallic nanostructures. Another reason comes
from weakening of the non-radiative transfer mechanism.

There exists an optimum concentration that provides efficient plasmonic interactions for each
set of our samples (e.g., for the cases referred to as A3, B3 and C3). Under these optimum
conditions, the fluorescence intensity is enhanced approximately by 3.5 times for the system
Rh6G + Au@Pd NRs, by 2.2 times for Rh6G + Au NBPs, and by 1.1 times for C153 + Pd PNCs.
Beyond this optimum (see, e.g., the data for the samples AS, B5 and C5), the fluorescence
intensity tends to decrease again with decreasing concentrations of the dye—nanoparticles mixtures.
Probably, this can arise from re-quenching of the intrinsic fluorescence originated from mis-
matched concentrations of the solutions. This finding should be further confirmed by the theo-
retical calculations based upon the finite-difference time-domain technique. The latter will be a
subject of our forthcoming study.

4. Conclusion

In the present work, we have investigated potential enhancement of the fluorescence emission of
the standard dyes Rhodamine 6G and Coumarinl53 doped with the metallic nanostructures of
three different shapes. These are gold-palladium core—shell nanorods, gold nanobipyramids, and
single-crystalline porous palladium nanocrystals. We have obtained the highest (more than
threefold) fluorescence enhancement on the system of Rhodamine 6G mixed with the gold-
palladium core—shell nanorods. On the contrary, the smallest fluorescence changes have been
observed for Coumarin153 that involves the porous single-crystalline palladium nanocrystals.
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Anomayia. Y pobomi eugueno 6nius (popmu MemaniuHux HAHOCMPYKmMyp (3010Mo-nanadicux
HAHOCMEPIICHIB, 30JI0MUX HAHOOINIpamio i MOHOKPUCMANIYHUX NOPUCMUX HAHOKPUCIATIG
nanaodir) Ha noediHKy rioopecyeHyii nominecyenmuux bapsruxie — pooaminy 6G i Kymapumy
153. 3minu inmeHcugHOCMI GUNPOMIHIOBAHHSL NOB SI3AHI 3i CNIGGIOHOUWEHHAM éMicmy OAPEHUKIE |
MemaniyHux Hanocmpykmyp. Busienene namu niocunenns gnioopecyenyii pooaminy 6G i3 3010mo-
nanadiceumMu HAHOCMEPICHAMU [ 30JI0MUMU HAHOOINIpAMIOAMU NEePCneKmusHe 3 MOYKU 30pY
NIA3MOHHUX @racmugocmeti. Bono € nonepeOHim KpOKOM y PO36UMKY BUCOKODOMOUYMAUBUX
@rnyopecyenmuux 30H018.
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