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Abstract
In this article, we report the change of optical properties for europium chelates on silver nanorods
by near-field interactions. The silver rods were fabricated in a seed-growth method followed by
depositing thin layers of silica on the surfaces. The europium chelates were physically absorbed in
the silica layers on the silver rods. The silver rods were observed to exhibit two plasmon
absorption bands from longitudinal and transverse directions, respectively, centered at 394 and
675 nm, close to absorption and emission bands from the Eu(III) chelates. As a result, the
immobilized Eu(III) chelates on the silver rods should have strong interactions with the silver
nanorods and 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. Moreover, the Eu–Ag rod complexes exhibited a
polarized emission, which was also due to strong interactions of the Eu(III) chelates with the silver
rods. All of these features may promise that the Eu(III)–Ag rod complexes have great potential for
use as fluorescence imaging agents in biological assays.

© 2013 American Chemical Society
*Corresponding Author, jianzhang@umaryland.edu; tel: 410-706-7500; fax: 410-706-8409.

The authors declare no competing financial interest.

NIH Public Access
Author Manuscript
J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2013 December 19.

Published in final edited form as:
J Phys Chem C Nanomater Interfaces. 2013 May 9; 117(18): . doi:10.1021/jp3091667.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



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 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 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.4

With advances in coordination chemistry, new lanthanide chelates have been developed with
significantly improved optical properties.1,2 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.7,8 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.9–12

Increased radiative rate of the fluorophore may also bring a decrease in the lifetime.9 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
near-field range to initiate the coupling interactions. The feasibility of this approach has
been 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.14–16 Importantly, the silver shells in the earlier report
were found to exhibit only one plasmon band that is localized between the absorption and
emission bands of Eu(III) chelate.13 Even though the interactions in the near-field range
cannot be completely reflected by the observations on the far-field spectra,9 we still believe
that it is important to achieve the maximally spectral overlapping from the fluorophores and
metal nanoparticles to achieve the efficient near-field interaction between them. Of course,
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the couplings between the lanthanide chelates and metal shells were considered to be
insufficient.9 Actually, it is almost impossible to fabricate a metal shell, which displays only
a single plasmon band enabling a sufficient coupling with a lanthanide chelate, which has a
very large Stokes shift at both its excitation and emission bands. Therefore, new metal
substrates are needed.

Metal nanorods have been widely reported as new nanoparticle substrates.17,18 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.

Polarized emission is regarded as an important feature for a fluorophore in biological and
medical applications.4,19,20 Because the emission from a lanthanide chelate arises from a
high-spin-high-spin transition,21,22 which involves multiple transition dipole moments that
are energetically degenerated, it is generally unpolarized. Moreover, an extremely long
lifetime may offer the lanthanide chelate enough time to make a rotational motion during its
excited state so the emission is mostly unpolarized. Hence, there is a particular research
interest to find a strategy that can be used to initiate a polarized emission from the
lanthanide chelate. So far, some reports appear,23–25 in which the lanthanide chelates were
mostly immobilized in aligned matrixes such as liquid crystals and stretched polymer films,
or the single crystals of lanthanide complexes were used to restrict the motions and realize
the polarized emission. However, neither of these approaches is inappropriate for the uses of
lanthanide-based assays. A recent publication shows us another alternation,26a in which the
near-field interaction on the metal nanoparticle can alter the transition moment of a
fluorophore and finally initiate a polarized emission from the fluorophore. Therefore, aside
from enhanced luminescence, we expected that the interactions for the Eu(III) chelates on
the silver rods could initiate the polarized emission from the lanthanide chelates.

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.26–28 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
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formation of small silver nanoparticles, which had an average diameter of 4 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.

The gold nanorods and silver spheres were also fabricated and used as controls of silver
rods. The gold rods were fabricated in the same strategy as the silver rods. In the strategy of
our earlier report, the silver spheres were fabricated to have an average diameter of 40 nm.15

Like the silver rods, the gold rods and silver nanospheres were respectively redispersed 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.29,30 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.13 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 and one perpendicular to the excitation polarization vector.4 The
emission anisotropies of Eu(III) chelate-associated samples were determined in the single-
channel method under the same time-gate conditions.4 In general, the emission anisotropies
can be expressed as,4

(1)
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in which I‖ is the intensity of the emitted light when the emission polarizer is oriented
parallel to the direction of the excitation polarization, whereas I┴ is the intensity of emitted
light when the emission polarizer is perpendicular to the direction of the polarized
excitation. The monochromator will have different transmission efficiency for vertically and
horizontally polarized light, and as a result the excitation intensity can change when the
excitation polarizer is rotated. Thus, in the single-channel method measurements, the
emission intensities (I‖ and I┴) have been normalized to correct for the polarization
sensitivity of the detection pathway in eq 2.

(2)

IVV, IHH, IVH, and IHV are the emission intensities measured on the different directions for
two polarizers installed on the excitation and emission sides. Angle-dependent luminescence
from the Eu–meal complexes were measured by adjusting the angle between the two
polarizers of excitation and emission sides and corrected using the emission from the free
Eu(III) chelates in solution that was considered to be completely unpolarized.

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 carbon-
coated 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.

RESULTS AND DISCUSSION
In this study, the silver nanorods were fabricated in a modified seed growth method.26–28

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. As the
control of silver rods, the gold rods were observed to display the plasmon bands
significantly shifting to the red region and, thus, could not sufficiently couple with the
absorption and emission bands from the Eu(III) chelates, and the emission from the Eu(III)
chelates on the gold rods should be less enhanced.

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
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hydrolysis reaction of tetraethyl orthosilicate.29,30 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.

In the absorption process of Eu(III) chelates into the silane-treated metal rods, the Eu(III)
chelates and silane-treated metal rods were codissolved at a molar ratio of 1000/1 in
solution. According to the concentration change of Eu(III) chelate in solution prior to and
after the absorption treatment, the consuming amount of Eu(III) chelate in solution was
estimated, and thus, the amount of Eu(III) chelate absorbed on the metal rods was inferred.
As a result, the number of Eu(III) chelate on one metal nanoparticle could be approximately
estimated. This number was estimated to be ca. 650 on the silver rod and ca. 560 on the gold
rod. The loading number of Eu(III) chelate on the silver rod corresponds to approximately 5
M, which is extremely high for most organic dyes in the solid matrixes. But for the Eu(III)
chelates, there was no serious quenching to occur among them because of a large Stokes
shift.1,2 Actually, most lanthanide-based nanoparticles are fabricated with high loading
number of chelate for maximally increasing their brightness. The loading number of Eu(III)
on the metal rod hence was considered to be acceptable in this study.

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 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.31 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 beta-diketonate 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.

The near-field interactions of Eu(III) chelates with the silver rods were supposed to explore
by the optical property change for the Eu(III) chelates in the silica templates in the presence
or absence of silver rods. In brief, the silver rods could be removed by adding several drops

Zhang et al. Page 6

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2013 December 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of 0.1 N NaCN solution into the Eu–Ag rod complex solution. With the dissolution of metal
rods, the metal-free Eu(III) chelate-contained silica templates were consequently released.32

Apparently, it was observed that the color of plasmon from the metal rods disappeared
progressively, and, simultaneously, the emission intensity from the Eu(III) chelates was
decreased due to the loss of near-field interaction. Finally, the solution became completely
colorless and the emission from the Eu(III) chelates was reduced to a minimum (Figure 4).
However, the wavelength and broadness of the emission band from the Eu(III) chelates were
not significantly altered with the dissolution of metal rods indicating that the Eu(III) chelates
were still immobilized in the metal-free silica templates. To test the possible influence from
adding NaCN to luminescence from the Eu(III) chelates in the silica templates, the emission
from the Eu–silica templates were subsequently monitored by addition of NaCN aqueous
solution. It was shown that the emission remained almost unchanged indicating that the
emission from the Eu(III) chelates in the silica templates was not significantly influenced by
NaCN in solution.

The emission intensity from the Eu–Ag rod complexes was reduced with the dissolution of
metal rods representing that the emission from the Eu(III) chelates was indeed enhanced on
the metal rods due to the near-field interactions. The enhancement efficiency was estimated
by the ratio of the emission intensity from the Eu–Ag rod complexes prior to the NaCN
treatment over the intensity after the treatment. The value was estimated to be 240-fold (part
a of Figure 5). As the control, the Eu–Au rod complexes were also treated in the same
strategy and the enhancement efficiency was estimated to be 14-fold. The enhancement for
the Eu(III) chelates on the gold rods was much smaller than that on the Ag rods representing
that the Eu(III) chelates had stronger interactions with the silver rods as expected early.
Basically, the silver rods have their transverse and longitudinal plasmon bands close to the
absorption and emission bands of Eu(III) chelates, which might lead to stronger interactions
on the silver rods.

For a fluorophore, the near-field interaction at the emission process can increase its radiative
rate and furthermore enhance its luminescence.9 However, the increased radiative rate of a
fluorophore can be reflected by its decreased lifetime. The lifetimes from the Eu(III)
chelates on the metal rods were collected by the time-gated method in this study. The decay
curves from the Eu–Ag rod complexes and metal-free silica templates were presented in
Figure 6 showing different decay rates. The curves were analyzed in terms of a two-
exponential model, and the lifetime data were presented in average values (part b of Figure
5). It is shown that the free Eu(III) chelates in solution have a lifetime of 75 µs (not shown in
figure). After immobilizing the Eu(III) chelates in the silica templates, the lifetime was
increased to 0.5 ms, which was primarily due to the restriction of movements of Eu(III)
chelates in the solid templates as discussed earlier.33 On the silver rods, the lifetime of
Eu(III) chelates was dramatically reduced to be less than 10 µs. We suppose that it was
primarily because of strong near-field interactions of Eu(III) chelates with the silver rods. As
the control, the lifetime of Eu–Au rod complexes was also measured and estimated to be 70
µs. This value is shorter than the lifetime on the metal-free silica templates but much longer
than the lifetime on the silver rods implying that the Eu(III) chelates had interactions with
the gold rods but the interactions were much weaker than those with the silver rods. This
result is approximately consistent with the observation achieved from the emission intensity
for the Eu(III) chelates on the metal rods.

For a near-field interaction, a fluorophore is known to interact with a metal nanoparticle at
either the excitation or emission process of the fluorophore. But the changed lifetime of the
fluorophore by the metal nanoparticle can only reflect the interaction at the emission
process.9 In this case, the lifetime of Eu(III) chelates on the silver rods was reduced by 50-
fold (Figure 6). But the emission intensity was enhanced by 240-fold. The enhancement fold
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on the emission intensity is significantly larger than the decrease fold on the lifetime. Thus,
it is suggested that the enhanced luminescence for the Eu(III) chelates on the silver rods
should arise at least partially from the interactions at the excitation process. A sufficient
spectral coupling between the absorption band from the Eu(III) chelates and the transverse
plasmon band from the silver rods can support this speculation. In contrast, the enhanced
luminescence from the Eu(III) chelates on the gold rods should arise almost completely from
the emission process rather the excitation process due to the lack of sufficient spectral
coupling at the excitation region.

It is important to understand how the near-field interaction on the metal rod can influence
how the emission lines form the europium center for the chelate. It is known that the Eu(III)
center in the chelates can accept the energy from all 5D orbits.1,2 However, although the
Eu(III) centers in the chelates can emit a luminescence from the 5D1 level, the main
transitions may originate from the 5D0 level that correspond to the main emission line at 614
nm (Figure 3). With the immobilization of Eu(III) chelates in the silica layers and
interactions with the metal nanoparticles, the emission bands from the Eu(III) chelates were
significantly broadened. As a result, the detail lines from the emission bands could not be
distinguishable. Thus, it is difficult to understand the influence from the near-field
interactions on the transitions of Eu(III) centers in the chelates. But because of sufficient
spectral overlapping of absorption and emission bands from the Eu(III) chelates with the
plasmon bands from the silver rods, we expect that in this case the Eu(III) chelates can
interact efficiently with the silver rods at all of their energy levels.

To demonstrate the role of silver rods in the near-field interactions, the 40 nm silver spheres
were also fabricated and the 5 nm thick silica layers were deposited on the silver spheres for
immobilizing the Eu(III) chelates. Different from the silver rods, the silver spheres exhibited
only one plasmon band centered at 460 nm15,16 localized between the bands of absorption
and emission from the Eu(III) chelates. As a result, the spectral coupling on the silver
spheres should be not sufficient as it is on the silver rods. Thus, it is no surprise that the
Eu(III) chelates expressed weaker interactions with the silver spheres relative to the Eu(III)
chelates on the silver rods. The enhancement efficiency on the silver spheres was
determined to be 80-fold lower than that on the silver rods, and the lifetime was reduced to
30 µs, longer than the lifetime on the silver rods. Both data showed that the interactions of
Eu(III) chelates on the silver spheres were weaker than those on the silver rods. According
to reports, the silver ions that were dissolved from the metal rods were supposed to interact
with the ligands from the chelates, which could probably enhance the emission from the
Eu(III) chelates.13 But because most silver on the nanoparticles were presented as a noble
metal rather than as ions, it is believed that the influence from the silver ions should be
much less in comparison with the near-field interaction effect.

It is also known that the near-field interaction for a fluorophore on a metal nanoparticle is
distance-dependent.9 When the fluorophore is localized too close to the metal nanoparticle,
the absorption effect is a domain factor and the emission from the fluorophore is quenched,
whereas with an increase of distance from the fluorophore to the metal nanoparticle but still
within the near-field range, the scattering effect becomes a domain effect and the emission
from the fluorophore becomes enhanced.9,14 Plenty of studies have reported on this topic. In
this work, we deposited 5 nm thick silica layers on the metal rods and the Eu(III) chelates
were physically absorbed in the silica to explore the near-field interactions. We believe that
all Eu(III) chelates should be localized within the near-field range from the metal rod. The
emission from a portion of Eu(III) chelates proximate to the metal surfaces would be
quenched but the emission from most Eu(III) chelates would be enhanced. There should be a
gradient through the silica layer from the metal-silica surface to the external surface in
which the Eu(III) chelates could emit luminescence with the intensity from quenching to
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enhancement dependent on the distance. But the total intensity was observed to enhance due
the near-field interactions. Both the quenching and enhancement for the Eu(III) chelates on
the metal rods could be accompanied with a decrease of lifetime. In this study, we expected
that the near-field interaction for the Eu(III) chelate on the silver rod could increase the
radiative rate of Eu(III) chelate and furthermore increase the cyclic number for the
excitation/emission of Eu(III) chelate in a period of time and increase the photon count rate
in the measurement.

Polarized emission from a fluorophore is an important feature for its applications. But the
lanthanides generally involve multiple transition dipole moments that are energetically
degenerated during their emission. As a result, the emissions from the lanthanide dyes are a
lack of polarization.23 In addition, extremely long lifetimes of the lanthanides may bring up
their free rotational motions in the excited states leading to loss of polarized emission. Some
efforts have been done to initiate the polarized emission from the lanthanides but few
progresses were achieved.24,25 It is reported that the near-field interaction of a fluorophore
with a metal nanoparticle can initiate a directional emission.26a In this study, we pursued to
initiate a polarized emission from the Eu(III) chelates on the metal rods by the near-field
interactions. The emission measurements were conducted in a single-channel method that
was equipped with two orthogonal polarizations – one parallel and one perpendicular to the
excitation polarization vector.4 The emission intensities (I‖ and I┴) have been normalized to
correct for the polarization sensitivity of the detection pathway. The angle-dependent data
were collected and presented in Figure 7. As expected, the metal-free Eu-contained silica
templates displayed almost unpolarized emission (part a of Figure 7) because of their
inherent characteristics, whereas the Eu–Ag rod complexes displayed a significant polarized
emission (part b of Figure 7). As controls, the Eu–Au rod complexes and Eu–Ag sphere
complexes were also determined under the same conditions. It was shown that the emission
from the Eu–Au rod complexes was completely unpolarized but the emission from the Eu–
Ag sphere complexes displayed a weak polarization. The emission anisotropies were
calculated in eq 2. The value was 0.09 for the Eu–Ag rod complexes and 0.04 for the Eu–Ag
sphere complexes. These values were lower in comparison with the anisotropies of most
organic fluorophores in the solid substrates but acceptable in comparison with the
anisotropies of the Eu(III) chelates in the aligned matrixes.23–25 The polarized emission
from the Eu–Ag rod complexes or Eu–Ag sphere complexes should arise from the near-field
interactions. A stronger interaction on the silver rod might result in a larger decrease in the
lifetime of the Eu(III) chelate, and thus the rotational motions of Eu(III) chelate on the silver
rod should be severely restricted in a shorter excitation period. In addition, a stronger
interaction of Eu(III) chelate with the silver rod might probably break up more efficiently
the multiple transition dipole moments of Eu(III) chelate and become energetically
undegenerated. Consequently, the emission from the Eu(III) chelate became polarized. We
also notice that the emission from the Eu(III) chelate on the gold rod was completely
unpolarized, which was primarily due to weak near-field interaction.

We consider that the plasmon resonance from the silver rods can extend to far field and
contribute the polarized emission from the Eu–Ag rod complexes.34,35 It is believed that
when a fluorophores is coupled with a metal rod, the enhanced emission from the
fluorophore–metal complex should have a component of plasmon energy by the metal
nanoparticle extended to the far field at the same wavelength of fluorophore emission.9,26a

The plasmon resonance from the metal nanoparticle is extended with the specific directions
polarized,35 so the fluorophore–metal complexes can emit the luminescence with the
polarization. Relative to the silver spheres, the silver rods are considered to emit the
plasmon resonances with more specifically directional property that may bring up more
polarized emission.
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SUMMARY
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. The gold rods or silver spheres were fabricated and conjugated
with the Eu(III) chelates. The optical properties were measured as the controls of Eu–Ag rod
complexes. It was found that both the gold rods and silver spheres had their plasmon bands
only in part overlapping with the absorption and emission bands from the Eu(III) chelates
leading to weaker near-field interactions. Consequently, the Eu–Au rod complexes and Eu–
Ag sphere complexes had their optical properties less improved in comparison with the Eu–
Ag rod complexes. It was also interesting to notice that the emission from the Eu(III)
chelates on the silver rods was polarized, whereas the emission from others was almost not.
This observation p supports that the sufficient near-field interactions for the fluorophores
with the metal nanoparticles are essential for polarized initiation.
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Figure 1.
Low-resolution TEM images of (a) silver and (b) gold nanorods. The scale bar in the image
is 20 nm.
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Figure 2.
Ensemble absorption spectra of silver and gold nanorods in aqueous solutions.
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Figure 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.
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Figure 4.
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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Figure 5.
(a) Enhancement folds of emission intensity for the Eu(III) chelates on the metal
nanoparticles in comparison with the emission intensity for the Eu(III) chelate in the metal-
free silica templates and (b) reduced lifetimes for the Eu(III) chelates on the metal
nanoparticles.
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Figure 6.
Decay curves of Eu(III) chelates on the metal-free silica templates, silver rods, and gold
rods. The decay curves 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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Figure 7.
Emission intensity as a function of excitation laser polarization for (a) Eu–silica templates,
(b) Eu–Ag rod complexes, (c) Eu–Au rod complexes, and (d) Eu–Ag sphere complexes. The
emission intensity at 614 nm 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.
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