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bstract

Rare earth complexes/silver nanoparticles nanocomposite was prepared by introducing Tb(TTA)3Bipy as stabilizer. The radiative properties of
he nanocomposite were studied by experiments and spectra calculation. The transmission electron microscope image of the composite indicates that
he silver nanoparticles are spherical, monodispersed and with an average size of 18 nm. Fluorescence study shows silver nanoparticles have both

nhancement effect and quenching effect on the fluorescence of europium complex, the total effect in such a composite system is an enhancement
ffect. Theory calculation prognosticates that the newly synthesized rare earth complexes/silver nanoparticles nanocomposite could be used in
olymer optical fiber amplifier and laser materials.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Luminescent rare earth ions have many unusual spectroscopic
roperties such as sharp emission peaks, long lifetimes, large
tocks shifts and high quantum yields, which make them so
deal for laser, phosphor, light-emitting diodes (LED) and fluo-
oimmunoassay applications [1–6]. Due to the poor absorption,
are earth ions are not used directly but form complexes with
rganic ligands which act as antennas to absorb light and transfer
nergy to the rare earth ions. In our previous work, the fluores-
ence properties of rare earth complexes and their applications
n polymer photonics materials (PPM) such as polymer optical
ber laser, polymer optical fiber amplifier and three-dimensional
ultilayered optical memory materials were studied [7–10]. As
e know, the fluorescence efficiency of rare earth complexes

s an important parameter with regard to their potential use as

PM [11]. There are many methods to improve the fluorescence
fficiency of rare earth complexes, such as using deuterated or
uorinated materials [12,13], adding Lewis base [14,15] and

∗ Corresponding author. Tel.: +86 551 3601 704; fax: +86 551 3601 704.
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sing more suitable ligands [16,17]. However, these methods are
ased on reducing the rate of non-radiative decays or using more
fficient antennas. Another effective strategy is to intensify elec-
romagnetic field around rare earth ions. In this paper, we report
he luminescent enhancement of silver nanoparticles on Eu(III)
omplex in nanocomposite, which have potential application
alues in PPM.

Pioneering experiments on the luminescent properties of the
uropium ion located in close proximity to a metallic surface
n film materials were done by Drexhage et al. [18,19] and
arnes et al. [20,21], respectively. Selvan et al. [22,23] studied

ilver nanoparticle/Eu3+ doped SiO2 gels, they found although
here is no energy transfer from silver to Eu3+, the fluorescence
ntensity of Eu3+ is enhanced by the intensified electromag-
etic field around Eu3+. Although film materials and SiO2 gels
ave application values, europium complexes are required in
olution phase as luminescent labels for biological applications.

ith this purpose, Nabika et al. [24] and Louis et al. [25] did
undamental studies on the effect of noble metal nanoparticles

n rare earth ions in solution phase. It is known, europium
omplexes are required to be used in organic monomer solu-
ion for PPM fabrication. With the desirability to improve the
uminescent efficiency of the rare earth complex and to use

mailto:zqjm@ustc.edu.cn
dx.doi.org/10.1016/j.jphotochem.2007.04.009
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he high efficient emitter in PPM, silver nanoparticles coated
ith rare earth complexes was synthesized by our group [26].
lthough there is energy transfer from the silver nanoparti-

les to the rare earth complex, there is strong fluorescence
uenching effect due to the condensed J-aggregation and sub-
equent concentration quenching. To conquer the quenching
ffect, another kind of silver nanoparticles was synthesized [27],
ut the nanoparticles showed a limited stability. The instabil-
ty is due to the chemical activity of HTTA which is used to
tabilize silver nanoparticles as well as modulate the concentra-
ion of Eu(TTA)3·2H2O around silver nanoparticles. HTTA is
ery sensitive to base due to the active H atom and has strong
helating effect to numerous metal ions due to its �-diketone
tructure. To conquer the defects above, Tb(TTA)3Bipy (TTA
s �-thenoyltrifluoroacetonato, Bipy is 2,2′-bipyridine) is cho-
en as the stabilizer in this work, then Eu(TTA)3Bipy which
as strong interaction with silver nanoparticles is added to form
anocomposite. Tb(TTA)3Bipy is quit stable (TTA does not
ave active H atom and TTA has already chelated with Tb3+)
nd it can reduce the degree of the condensed J-aggregation
f Eu(TTA)3Bipy around silver nanoparticles. In this work, the
adiative properties of this newly synthesized nanocomposite are
tudied by spectroscopic experiments and Judd–Ofelt theory.

. Experiment

Morphology and electron diffraction of the silver nanoparti-
les were measured on a Hitachi H-800 transmission electron
icroscope (TEM, Japan). UV–vis absorption spectra were
easured on a Shimadzu UV-2501 Spectrophotometer (Japan).
he fluorescence spectra were measured on a Shimadzu RF-
301PC Fluorescence Spectrophotometer (Japan). The lifetimes
ere measured on a FluoroLOG-3-TAU steady-state/lifetime

pectrofluorometer.
Synthesis of the rare earth complexes (RE(TTA)3Bipy, the

tructures were shown in Scheme 1) were described in our
revious work [16]. Here, it is important to point out the
hiophene group (containing S atom) of TTA leads the rare
arth complex has strong interactions with silver nanoparti-
les. The process of preparing the rare earth complexes/silver
anoparticles nanocomposite is shown in Scheme 2. There

re two steps to prepare the rare earth complexes/silver
anoparticles nanocomposite. The first step is to use NaBH4
o reduce AgNO3 in the presence of Tb(TTA)3Bipy. This
rocess is similar to our previous work [26], except for chang-

i
(
n
o

Scheme 2. The process of synth
cheme 1. The chemical structures of Eu(TTA)3Bipy and Tb(TTA)3Bipy.

ng Eu(TTA)3·2H2O to Tb(TTA)3Bipy. The synthesis process
s described below. Tb(TTA)3Bipy (1.2 mmol) and AgNO3
0.4 mmol) were dissolved in acetone (150 ml) and distilled
ater (10 ml), respectively. After mixing the two solutions,
aBH4 aqueous solution (20 ml, 0.83 mmol) was dropped into

he mixture slowly under vigorous stirring. The reaction solu-
ion was left overnight with rapid stirring. Then, centrifuging
3000 rpm) gave a brown precipitates. The precipitates were dis-
olved into acetone/water again. The purification was repeated
or 3 times. Formation of the silver nanoparticles is confirmed
y TEM and UV–vis spectra. The second step is to mix the
ilver nanoparticles and Eu(TTA)3Bipy under ultrasonic for
h. This process is similar to our previous work [27], except

or changing HTTA-coated silver nanoparticles to the silver
anoparticles prepared in the first step. The final concentration
f silver is 5.1 �g/ml which is suitable for fluorescence enhance-
ent [24,27]. In the paper below, Ag/Eu(TTA)3Bipy is short for

he rare earth complexes/silver nanoparticles nanocomposite.

. Results and discussion

As shown in Fig. 1a, the silver nanoparticles are almost
pherical. The electron diffraction pattern of Ag/Eu(TTA)3Bipy

s shown in the inset of Fig. 1a. Four fringe patterns are
1 1 1), (2 0 0), (2 2 0) and (3 1 1), which indicate the silver
anoparticles are with good crystalline. The size distribution
f the silver nanoparticles shown in Fig. 1b indicates the

esis of Ag/Eu(TTA)3Bipy.
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ig. 1. (a) TEM image of silver nanoparticles (inset is the electron diffraction
attern), (b) size distribution of the silver nanoparticles.

ample is monodispersed and with an average size of 18 nm.
ilver nanoparticles with the size of 18 nm are suitable for
uorescence enhancement [24].

Fig. 2 shows the UV–vis spectra of the Eu(TTA)3Bipy,

g/Eu(TTA)3Bipy right after synthesized and Ag/Eu(TTA)3
ipy placed for 6 weeks. As shown in Fig. 2 curve b, for-
ation of silver nanoparticles can be further confirmed by

he characteristic plasmon absorption peak of silver nanopar-

n
v
s
i

ig. 2. The UV–vis spectra of (a) Eu(TTA)3Bipy, (b)Ag/Eu(TTA)3Bipy tested
ight after synthesized, (c)Ag/Eu(TTA)3Bipy tested 6 weeks later.

icles which appears at 424 nm [24,26]. There is another strong
bsorption peak at 343 nm in curve b, which is attribute to
he � → �* transition of the ligands of rare earth complexes.
he � → �* transition absorption peak of the rare earth com-
lex in curve b is red-shifted (about 5 nm) compared with the
bsorption peak in Eu(TTA)3Bipy solution (curve a). The red-
hift of absorption [26,27]. Compared with Eu(TTA)3·2H2O
oated silver nanoparticles (red-shift 18.2 nm), the red-shift
n Ag/Eu(TTA)3Bipy (5 nm) is much smaller [26], so the J-
ggregation is not so condensed. The smaller red-shift reduced
he concentration quenching effect (see fluorescence spectra in
ig. 3a and the radiative parameters in Table 2). Compared with
urve b, Ag/Eu(TTA)3Bipy placed for 6 weeks (curve c) does
ot show significant change, which indicates the silver nanopar-
icles is quit stable. The stability of the silver nanoparticles is
ecessary for it to be used in high quality PPM.

The fluorescence spectra of Eu(TTA)3Bipy and Ag/Eu
TTA)3Bipy are shown in Fig. 3a. Five Eu3+ characteristic emis-
ion peaks which are assignable to 5D0 → 7Fj (j = 0–4) can be
bserved. In addition, there is an increment of 21% of the fluo-
escence intensity of Ag/Eu(TTA)3Bipy compared with that of
u(TTA)3Bipy. In our previous work, silver nanoparticles coated
ith Eu(TTA)3·2H2O gave a quenched emission due to the

ondensed J-aggregation and subsequent concentration quench-
ng [26]. After adding Tb(TTA)3Bipy to reduce the degree
f J-aggregation and modulate the concentration of europium
omplex this time, the quenching effect is not so serious (the
ed-shift in the UV–vis spectrum is smaller, J-aggregation is
ot so condensed). There is another deduction form the fluores-
ence enhancement, that is Eu(TTA)3Bipy must be near silver
anoparticles, because rare earth complex can be affected by the
urface plasmon resonance only when the rare earth complex is
ear the surface of silver nanoparticles. To confirm our point of
iew, Eu(DBM)3Bipy (DBM is dibenzoylmethane, which does

ot contain S atom so that it does not have interaction with sil-
er nanoparticles) was used as a reference. The fluorescence
pectra of Eu(DBM)3Bipy and Ag/Eu(DBM)3Bipy are shown
n Fig. 3b. Compared with Eu(DBM)3Bipy, there is a decre-
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Fig. 3. (a) The fluorescence spectra of Ag/Eu(TTA)3Bipy and Eu(TTA)3Bipy.
The inset shows the excitation spectra of Ag/Eu(TTA)3Bipy and Eu(TTA)3Bipy.
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Eu(TTA)3Bipy.

According to Judd–Ofelt theory, the line strength Sed of an
electric dipole transition from initial J manifold |(S, L)J to

Table 1
Luminescence lifetimes

Materials τdecay(ms) ± 0.001 Data source

Eu(TTA)3Bipy solution 0.609 This work
Ag/Eu(TTA)3Bipy 0.617 This work
b) The fluorescence spectra of Ag/Eu(DBM)3Bipy and Eu(DBM)3Bipy. The
nset shows the excitation spectra of Ag/Eu(DBM)3Bipy and Eu(DBM)3Bipy.

ent of 85% of the fluorescence intensity of Ag/Eu(DBM)3Bipy
hich is due to the quenching effect of silver nanoparticles. Sil-
er nanoparticles also have quenching effect on luminescent
are earth complex because of its absorption, scattering and
eflecting [24,27]. The difference between Ag/Eu(TTA)3Bipy
nd Ag/Eu(DBM)3Bipy is that besides quenching effect, there is
uorescence enhancement effect in Ag/Eu(TTA)3Bipy because
u(TTA)3Bipy can be affected by the surface plasom resonance.
o, the actual fluorescence enhancement by the surface pla-
om resonance in Ag/Eu(TTA)3Bipy is much bigger than 21%.
n Louis’s work [25], the luminescence enhancement is found
o be greater for the excitation wavelengths corresponding to
he maximum of gold nanoparticles absorption. So, the fluores-
ence enhancement in their system is the antenna effect of gold
anoparticles on the rare earth ion. The fluorescence enhance-
ent mode in our system is quit different. As shown in the

xcitation spectra of Ag/Eu(TTA)3Bipy (inset of Fig. 3a), the
ntensity of the excitation corresponding to the maximum of sil-

er nanoparticles absorption (around 424 nm) is nearly 0. So,
he fluorescence enhancement is due to the intensified electro-

agnetic field around Eu3+ [23].

E
E

ig. 4. Fluorescence decay curves of Eu(TTA)3Bipy and Ag/Eu(TTA)3Bipy
hich were monitored at 613 nm.

Fig. 4 shows the fluorescence decay curve of Ag/Eu(TTA)3
ipy and Eu(TTA)3Bipy. The lifetimes are shown in Table 1. The

ifetimes of Eu(TTA)3·2H2O solution and sliver nanoparticles
oated with Eu(TTA)3·2H2O are also listed in Table 1 as ref-
rences. As shown in Table 1, concentration quenching caused
liver nanoparticles coated with Eu(TTA)3·2H2O had shorter
ifetime. Different from the system of sliver nanoparticles coated
ith Eu(TTA)3·2H2O, the lifetime of Ag/Eu(TTA)3Bipy is no

horter than that of Eu(TTA)3Bipy. That is to say the quenching
ffect is effectively avoided.

We can also have a better understanding of the interactions
etween Eu(TTA)3Bipy and Tb(TTA)3Bipy through lifetime
tudy. In other group’s work [22,23], they found silver nanopar-
icles will not affect the lifetime of Eu3+. It is known Tb3+ will
ffect the lifetime of Eu3+ if there is energy transfer between
hem [28]. There is no obvious change in lifetime before and
fter Eu(TTA)3Bipy adsorbed onto silver nanoparticles. So, the
ffect of Tb(TTA)3Bipy on Eu(TTA)3Bipy in our system can be
egligible.

From what have been discussed above, we can conclude
hat silver nanoparticles have both enhancement and quenching
ffect on europium complex, and the total effect in our system
s an enhancement effect. Next part is to have a deeper under-
tanding of the radiative properties of Ag/Eu(TTA)3Bipy and
rognosticate if Ag/Eu(TTA)3Bipy could be used in high qual-
ty photonics materials. Judd–Ofelt theory [29,30] is employed
o calculate the radiative parameters of Ag/Eu(TTA) Bipy and
u(TTA)3·2H2O solution 0.386 Previous work [26]
u(TTA)3·2H2O coated
silver nanoparticles

0.368 Previous work [26]
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erminal manifold |(S′, L′)J′ can be expressed in terms of three
henomenological parameters, Ω2, Ω4, Ω6 [31,32]:

ed =
∑

t=2,4,6

Ωt|〈(S, L)J ||U(t)||(S′, L′)J ′〉|2 (1)

|U(t)||2 are the squared reduced matrix elements of the rank
= 2, 4, 6 and their values are not changing with the host for
are earth ions. The ||U(t)||2 values of Eu3+ are taken form
aird et al. [33]. The three coefficients Ω2, Ω4, Ω6 contain

mplicitly the odd-symmetry crystal field terms, radial integrals
nd perturbation denominators.

The Einstein spontaneous emission probability of an electric
ipole transition between initial J manifold |(S, L)J〉 to terminal
anifold |(S′, L′)J′〉 is given by [31,32]:

ed = A[(S, L)J ; (S′, L′)J ′] = 64π4e2ν3

3h(2J + 1)

n(n2 + 2)
2

9
Sed

= 64π4e2ν3

3h(2J + 1)

n(n2 + 2)
2

9

×
∑

t=2,4,6

Ωt|〈(S, L)J ||U(t)||(S′, L′)J ′〉|2 (2)

is Plank’s constant, n the refractive index of the medium, e the
harge of the electron, ν the wavenumber of the transition, J the
otal angular momentum of the ground state.

It is known that the 5D0 → 7F1 transition of Eu3+ is magnetic
ipole transition which is independent and can be used as a
eference. The spontaneous emission probability of the magnetic
ipole transition Amd is [31,32]:

md = 64π4ν3

n3Smd (3)

3h(2J + 1)

md refers to the strength of the magnetic dipole line strength of
he 5D0 → 7F1 transition. It is a constant and independent of the

edium.

t
t
E
i

able 2

mission transition � (cm−1) Aed (s−1) Amd (s−1

a) Radiative parameters of Ag/Eu(TTA)3Bipy Ω2 = 17.62 × 10−20 cm2, Ω4 = 0.55 ×
5D0 → 7F0 17271 0 0
5D0 → 7F1 16807 0 34.85
5D0 → 7F2 16313 396.23 0
5D0 → 7F3 15337 0 0
5D0 → 7F4 14265 5.87 0
AT (s−1)

adiative lifetime τrad = 2.289 (ms)

b) Radiative parameters of Eu(TTA)3Bipy solution Ω2 = 18.09 × 10−20 cm2, Ω4 = 0
5D0 → 7F0 17271 0 0
5D0 → 7F1 16807 0 34.85
5D0 → 7F2 16313 406.75 0
5D0 → 7F3 15337 0 0
5D0 → 7F4 14245 5.36 0
AT (s−1)

adiative lifetime �rad = 2.237(ms)
obiology A: Chemistry 191 (2007) 97–103 101

The total transition emission probability AT is calculated
sing [31,32]:

T =
∑

S,L,J

A[(S, L)J ; (S′, L′)J ′] (4)

The fluorescence branching ratio is obtained from:

[(S, L)J ; (S′, L′)J ′] = A[(S, L)J ; (S′, L′)J ′]∑
S,L,JA[(S, L)J ; (S′, L′)J ′]

(5)

The radiative lifetime of the transition involved is an impor-
ant parameter in consideration of the pumping requirement for
he threshold of laser action and can be calculated as:

rad[(S, L)J] = 1∑
S,L,JA[(S, L)J ; (S′, L′)J ′]

(6)

Another important radiative property is the stimulated emis-
ion cross section of the measured fluorescence:

[(S, L)J ; (S′, L′)J ′] = λ4
p

8πcn2	λeff
A[(S, L)J ; (S′, L′)J ′]

(7)

p is the peak position of the emission line, and 	λeff the effec-
ive band width of the emission transition.

As shown in Table 2, there is not very big differences
etween the radiative parameters of Ag/Eu(TTA)3Bipy and
u(TTA)3Bipy because the electron transition is at 4f energy

evels which is protected by the energy levels outside and by
he ligands [16]. It is found the radiative parameters reveal the
alance between the fluorescence enhancement and quenching
y carefully comparing. Ω2 and β of Ag/Eu(TTA)3Bipy are
maller than those of Eu(TTA)3Bipy, which reveal the quench-
ng effect. On the other hand, the fluorescence intensity and σ

f Ag/Eu(TTA)3Bipy are bigger than those of Eu(TTA)3Bipy
hich reveal the enhancement effect. The balance between
he fluorescence enhancement and quenching is attributed to
he structure of the nanocomposite. The big concentration of
u(TTA)3Bipy near silver nanoparticles, the absorption, scatter-

ng and reflecting of silver nanoparticles will cause fluorescence

) A (s−1) β (%) σ (10−22 cm2)

10−20 cm2

0 0 0
34.85 7.98 2.99

396.23 90.68 67.39
0 0 0
5.87 1.34 0.77

436.95

.50 × 10−20 cm2

0 0 0
34.85 7.80 2.86

406.75 91.00 62.78
0 0 0
5.36 1.20 0.73

446.96
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[

[
[

[13] T. Kobayashi, K. Kuriki, S. Nakatsuka, Y. Okamoto, Y. Koike, Proc. SPIE
ig. 5. Colour photographs of Ag/Eu(TTA)3Bipy doped PMMA optical fiber
reform in daylight (a) and under 365 nm UV light (b).

uenching [24,27]; the surface plasmon resonance of silver
anoparticles will cause the fluorescence enhancement. So, the
alculated radiative parameters can contact the structure of the
anocomposite with the radiative properties. Recent works show
oble metal particles will affect the emission process of emit-
ers [34,35]. The increment in stimulated emission cross section
n our work indicates silver nanoparticles affects the emission
rocess of Eu(TTA)3Bipy.

The radiative parameters can also prognosticate if the lumi-
escent materials have application values. As shown in Table 2a,
he 5D0 → 7F2 transition shows the highest β value. It has been
stablished that an emission level with β value bigger or near
0% is a potential laser emission transition [36]. The radiative
ime is also close to europium benzoylacetonate whose laser
henomena have been reported [15]. Additionally, the stimu-
ated emission cross section of 5D0 → 7F2 is 67.39 × 10−22 cm2,
igher than Eu(DBM)3Phen doped PMMA in which optical
mplification effect is observed [8]. All these radiative parame-

5 7
ers show that the D0 → F2 transition of Ag/Eu(TTA)3Bipy is a
ossible laser transition and can be used in optical amplification.

Based on the theory calculation that Ag/Eu(TTA)3Bipy have
pplication values in polymer optical fiber laser and polymer

[
[

tobiology A: Chemistry 191 (2007) 97–103

ptical fiber amplifier, the optical fiber preform is fabricated
sing Ag/Eu(TTA)3Bipy doped PMMA (poly(methyl methacry-
ate)). First, Ag/Eu(TTA)3Bipy is dispersed into the monomer
MMA). Then, Ag/Eu(TTA)3Bipy doped MMA was polymer-
zed in a model in a given process. The preform of the polymer
ptical fiber is quit transparent and uniform. It emits strong red
ight under UV lamp (see Fig. 5). Silver nanoparticles doped
hree-dimensional multilayered optical memory materials and
onlinear optical polymer materials can be also fabricated in a
rocess similar to the polymer optical fiber preform.

. Conclusion

In this paper, rare earth complexes/silver nanoparticle
anocomposite is synthesized. TEM test reveals the silver
anoparticles are monodispersed, good crystalline and the size
f the nanoparicles is suitable for fluorescence enhancement.
dding Tb(TTA)3Bipy in the first step to reduce the degree of J-

ggregation and modulate the concentration of Eu(TTA)3Bipy
as effectively avoided the concentration quenching. Fluores-
ence study shows silver nanoparticles have both enhancement
nd quenching effect on the fluorescence of europium complex.
he radiative parameters calculated from Judd–Ofelt theory

eveals the nanocomposite has potential application values in
igh-quality photonics materials.
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