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depositing thin layers of silica on the surfaces. The europium chelates
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were physically absorbed in the silica layers on the silver rods. The
silver rods were observed to exhibit two plasmon absorption bands
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lead to greatly improved optical properties. The Eu–Ag rod complexes
were observed to have enhanced emission intensity up to 240-fold in comparison with the
Eu(III) chelates in the metal-free silica templates. This enhancement is much larger than the
value for the Eu(III) chelates on the gold rods or silver spheres indicating the presence of
stronger interactions for the Eu(III) chelates with the silver rods. The interactions of Eu(III)
chelates with the silver rods were also proven by extremely reduced lifetime.
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INTRODUCTION
It is known that a lanthanide emits luminescence with a large Stokes shift, narrow emission
band, and long lifetime, so the use of lanthanide dyes may offer an opportunity to create a
sensitive time-resolved bioassay or cell imaging with a low luminescence background.[1-2]
However, the emission from the lanthanide may involve an electron transition in its 4f orbits,
which is basically forbidden, so in comparison with a conventional organic fluorophore the
lanthanide dye often has an extremely low absorbance coefficient and a very slow emissive
rate.[3-4] Consequently, the lanthanide dye often displays a low quantum yield and brightness,
and a lanthanide-based fluorescence bioassay often results in a low detection sensitivity. In
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addition, the lanthanide dye has an extremely long decay time up to milliseconds, which may
often bring up a low photon count rate in the emission and result in low emission intensity.
Therefore, the single molecule detection (SMD) of the lanthanide dye is not reported to
date.[5-6]
With advances in coordination chemistry, new lanthanide chelates have been developed with
significantly improved optical properties.[7] Basically, these lanthanide chelates are created by
coordinating chromophores with lanthanide ions, in which the chromophores can act as
antennas or sensitizers to absorb photons and subsequently transfer the photons to the
lanthanide centers for increasing their emission rates and efficiencies. In comparison with the
lanthanide ions, these lanthanide chelates have significantly increased optical properties
including brightness and quantum yields. Because of absorption from the ligands, the
lanthanide chelates often exhibit a broader excitation range leading to a significant shift of
maximal excitation wavelength to the red region.[5] Hence, it is believed that the formation of
lanthanide chelates may overcome some inherent weakness of lanthanide dyes especially on
the absorption cross-section and excitation wavelength. However, it is also noticed that the
decay rate of the lanthanide center in the chelate is not really increased with the
coordination.[6] Therefore, there is a basic research need to develop a strategy that can
increase the radiative rate of the lanthanide chelate and furthermore increase the cyclic
number for the excitation/emission of Eu(III) chelate in a period of time and the photon count
rate in the measurement.
The near-field interaction approach is considered to enable use for such a purpose.
Fundamentally, as induced by an incident light, the metal nanoparticle of subwavelength size
can create a local electric field around it.[8-9] When a fluorophore is put in the local field
within a near-field range from the metal nanoparticle, the coupling interaction between the
fluorophore and metal nanoparticle can increase the radiative rate of the fluorophore and
furthermore enhance the emission intensity of the fluorophore up to 10- to 103-fold.[10-11]
Increased radiative rate of the fluorophore may also bring a decrease in the lifetime.[12] Thus,
the metal-enhanced fluorescence (MEF) by the near-field interaction effect is often
accompanied with a decrease of lifetime for a fluorophore. In this study, the near-field
interaction approach was employed to improve the optical properties of lanthanide chelates.
Typically, the lanthanide chelates were immobilized on the metal nanoparticles within a nearfield range to initiate the coupling interactions. The feasibility of this approach has been
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demonstrated by one of our earlier reports in which the lanthanide chelates were localized in
the cores of silver shells and the emission could be greatly enhanced due the near-field
interactions.[13] More work is needed to optimize the conditions for achieving maximally
enhanced luminescence.[14-15]
Metal nanorods have been widely reported as new nanoparticle substrates.[16] We were
interested in the metal rods and intended to use them as the substrates to couple with the
lanthanide chelates because the metal rods can display two separated plasmon bands from the
longitudinal and transverse directions, respectively, and the band maxima can be tuned with
the aspect ratio of metal rods.[17-18] Particularly, we have research interest in silver nanorods
because the silver rods can display two plasmon bands close to the absorption and emission
maxima from the Eu(III) chelates. In this study, the silver rods were fabricated in a chemical
method followed by depositing the silica layers on the surfaces. The Eu(III) chelates were
physically absorbed in the silica layers on the silver rods within the near-field range from the
metal surfaces. Optical properties from the Eu(III) chelates on the silver rods were
determined on an ensemble fluorescence spectrophotometer with the time-gated conditions.
Compared with the emission properties of Eu(III) chelates in the metal-free silica templates,
the influences from the silver rods to the emission of Eu(III) chelates could be explored. The
gold rods and silver spheres were also fabricated and immobilized with the Eu(III) chelates in
the same strategy. The optical properties from the Eu–Au rod and Eu–Ag sphere complexes
were determined as controls of the properties on the silver rods.
Experimental section
All reagents and spectroscopic grade solvents were used as received from Fisher or
Sigma/Aldrich.

Tris-(dibenzoylmethanate)mono(5-amino-1,10-phenanthroline)

europium

chelates were commercially available from Sigma/ Aldrich. Nanopure water (>18.0
MΩ∙cm−1) purified on a Millipore Milli-Q gradient system was used in all experiments.
Preparation of Metal Nanorods
In a modified seed growth method, the silver nanorods were fabricated in aqueous solutions
with a defined aspect ratio.[19-20] In brief, small silver nanoparticles were first generated as a
seed solution to initiate the growth of silver rods. Typically, 20 mL aqueous solution with
0.25 mM AgNO3 and 0.50 mM sodium citrate was added by 1 mL of ice-cold 0.1 M
NaBH4 solution with rigorous stirring. The color of solution was turned to yellow
representing the formation of small silver nanoparticles, which had an average diameter of 4
www.wjpr.net
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nm. For the silver rod fabrication, 10 mL of aqueous solution with 0.25 mM AgNO3, 80 mM
cetryltrimethylammoium bromide (CTAB), and 0.5 mM ascorbic acid were added to a 30
µL seed solution. The mixing solution was continuously stirred for 30 min. The color of the
solution changed from yellow to green representing the formation of silver rods. The formed
silver rods were collected by centrifugations followed by dispersing in 1 mL of mixing
solvent of water/ethanol (v/v = 1) for depositing the silica layers on the external surfaces.
Depositing Silica Layers on Metal Nanoparticles
In a modified Stöber method, thin silica layers were deposited on the metal nanoparticles
including silver rods, gold rods, and silver spheres for immobilizing the europium chelates [2122]

Typically, 1 mL of metal nanoparticle solution was added by 1 mL of water/ethanol (v/v =

1) solution containing 1 × 10−3 M tetraethyl orthoorthosilicate. Subsequently, 10 µL of 30%
ammonia solution was added dropwise under vigorous stirring. The solution was stirred
overnight at room temperature to form the silica layers on the metal nanoparticles. The
suspension solution was removed by centrifugation and the residual solid was dispersed in 1
mL of a mixing solvent of N,N-dimethylformamide (DMF)/alcohol (v/v = 1/1) for
immobilizing the europium chelates.
Immobilizing Eu(III) Chelates on Metal Nanoparticles
Tris(dibenzoylmethanate)mono(5-amino-1,10-phenanthroline)

europium

chelates

were

immobilized into the silica layers on the metal nanoparticles via physical absorptions.[23] The
Eu(III) chelates (1 × 10−5 M) were codissolved in a mixing solution of DMF/alcohol (v/v =
1/1) containing the silica-treated metal nanoparticles (1 × 10−8 M). The solution was stirred
for 12 h at room temperature, and the suspension was removed by centrifugation. The
residual solid was subsequently washed with DMF, ethanol and water. The collected metal
nanoparticles were dispersed in water for the ensemble spectral measurements.
Ensemble Spectral and Anisotropy Measurements
Absorption spectra were conducted on a Hewlett-Packard 8453 spectrophotometer. Ensemble
fluorescence spectra were recorded with a Cary Eclipse Fluorescence Spectrophotometer.
Because of a slow decay time of Eu(III) chelate, a time-gated technique was used to collect
the emission from the lanthanide, in which the gate pulse width was 0.5 ms and the delay
time was 0.1 ms. All Eu(III) chelate-associated samples were excited at 380 nm for their
emission spectral collections. In the current measurements, the polarized emission of Eu(III)
chelate-associated samples were determined with two orthogonal polarizations, one parallel
www.wjpr.net
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and one perpendicular to the excitation polarization vector.[24] The emission anisotropies of
Eu(III) chelate-associated samples were determined in the single-channel method under the
same time-gate conditions.
TEM Image
For the TEM measurements, the nanoparticle samples were diluted to nanomolar
concentrations followed by casting onto the copper grids (200 mesh) with standard carboncoated Formvar films (200–300 Å). The samples were dried in air. TEM images were taken
with a side-entry Philips electron microscope at 120 keV. The distributions of nanoparticle
sizes were analyzed with Scion Image Beta Release 2 on the base on at least 200 images.
RESULT AND DISCUSSION
In this study, the silver nanorods were fabricated in a modified seed growth method.[25-26] The
achieved silver rods could be distinctly outlined by TEM images (part a of Figure 1) showing
an average length of 80 nm and width of 18 nm. As a control, the gold rods were also
fabricated in the similar strategy and outlined by TEM image showing an average length of
60 nm and width of 20 nm (part b of Figure 1). The aspect ratios of metal rods hence were
estimated to be ca. 5 for the silver and ca. 3 for the gold. These metal rods were stabilized by
cetryltrimethylammoium bromide (CTAB) on the surfaces. As expected, the metal rods
exhibited distinct two plasmon absorption bands from the longitudinal and transverse
directions, respectively, in aqueous solution (Figure 2), on which the bands from the silver
rods were centered at 394 and 675 nm and the bands from the gold rods were centered at 536
and 982 nm. Tris(dibenzoylmethanate)mono(5-amino-1,10-phenanthroline) europium chelate
was employed to immobilize on the metal rods for exploring the near-field interactions. It
was observed that this Eu(III) chelate exhibited an absorption band and an emission band
centered at 353 and 614 nm (Figure 3), respectively, close to the plasmon bands from the
silver rods. Thus, there were sufficient spectral couplings between the Eu(III) chelates and
silver rods at both the excitation and emission processes and as a result the Eu(III) chelates in
the near-field range from the metal rods were expected to have strong interactions with the
silver rods leading to greatly improved optical properties.
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Fig 1. Low-resolution TEM images of (a) silver and (b) gold nanorods. The scale bar in
the image is 20 nm.
Fig 2. Ensemble absorption spectra of silver and gold nanorods in aqueous solutions.
Fig

3

Ensemble

absorption

and

emission

spectra

of

Eu(III)

chelate

in

dimethylformamide (DMF) solution. The emission spectrum was collected upon
excitation at 380 nm. The gate pulse width was controlled to be 0.5 ms and the delay
time was 0.1 ms.
The Eu(III) chelates were immobilized in the silica layers on the metal rods. Because the
Eu(III) chelates were required to localize in the near-field range, the silica layers on the metal
rods were thin. Typically, the metal rods were deposited by thin silica layers through a
hydrolysis reaction of tetraethyl orthosilicate. By the ratio of orthosilicate monomer over the
metal rod in the reaction solution, the silica layer on the metal rod was controlled to be ca. 5
nm thick. The silane-treated metal rods were dispersed in a mixed solvent of DMF/ alcohol
containing Eu(III) chelates to absorb the Eu(III) chelates from solution by physical
interactions . The Eu–metal rod complexes were recovered by configuration and dispersed in
water for the spectral measurements. It was difficult to outline the silica layers from the metal
rods on the TEM images because of their thin thickness. But they could be identified by the
emission spectral measurements. For the silane-treated metal rods, there was significant
luminescence detectable after absorbing the Eu(III) chelates, whereas for the untreated metal
rods there was no luminescence after absorbing the Eu(III) chelates supporting that there
were the silica layers formed on the metal rods after the silane-treatments. The Eu(III)–Ag
rod complexes were observed to display two plasmon bands and the band maxima remained
almost unchanged from those from the CTAB-coated silver rods, indicating the silver rods
were chemically stable in the surfaces reactions. The Eu(III) chelates were immobilized on
the metal rods but the immobilized Eu(III) chelate so the metal rods could not be determined
by the absorption spectrum because of strong interference from the plasmon bands from the
metal rods. Thus, the emission spectrum was used to determine the Eu(III) chelates on the
www.wjpr.net
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silver rods. It was shown that upon excitation at 380 nm the Eu(III)–Ag rod complexes
displayed an emission band centered at 610 nm (Figure 4), a 4 nm shift to blue in comparison
with the free Eu(III) chelates. The emission band from the Eu(III)–Ag rod complexes was
also significantly broadened, which was primarily due to the restriction of the movements of
Eu(III) chelates after they were immobilized in the solid templates as well as the structural
heterogeneity of Eu(III) chelates in the nearby environments[27] In fact, it has been widely
reported that the emission band becomes broadened with the immobilization of fluorophores
into the solid substrates in comparison with that in solution. These fluorophores include not
only lanthanide chelates but also many other organic fluorophores. The breakdown of betadiketonate by the acidic conditions in the silica is also considered as a possible reason
causing such broadness. But because there is no significant change in the emission spectrum
except the broadness with the immobilization of Eu(III) chelates in the silica, we suggest that
the restriction of movement for the immobilized fluorophore in the solid substrate and
influence from the heterogeneous surrounding is still the primary reason causing such a
change in the band broadness.

Fig. 5 Emission spectral changes for the Eu(III) chelates on the Ag rods and gold rods in
aqueous solution prior to and after NaCN treatment. The emission spectra were
collected upon excitation at 380 nm. The gate pulse width was controlled to be 0.5 ms
and the delay time was 0.1 ms.
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CONCLUSION
We studied the improved optical properties for the Eu(III) chelates on the metal nanorods due
to the near-field interactions. The silver rods were fabricated in a wet chemical method
followed by depositing thin silica layers on the surfaces. The Eu(III) chelates were followed
by physically absorbing the silica layers on the silver rods. The silver rods displayed two
plasmon bands, which had maxima close to the absorption and emission bands of the Eu(III)
chelates. Thus, the Eu(III) chelates were expected to have strong interactions with the silver
rods leading to greatly improved optical properties. The emission intensity could be enhanced
up to 240-fold. Considering there were ca. 650 Eu(III) chelates on one silver rod, it was
estimated that one Eu–Ag rod complex should be more than 1.5 × 105-fold brighter than one
single free Eu(III) chelate. Because of the near-field interactions, the radiative rate of Eu(III)
chelates on the silver rods is greatly increased leading to a dramatic decrease of lifetime from
hundreds to several microseconds. However, this value is much longer than the lifetimes of
most organic dyes, so the Eu–Ag rod complexes can be considered to use for time-resolved
cellular assays.
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