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bstract

Novel luminescent organic–inorganic hybrid materials consisting of lanthanide (Eu3+, Tb3+) complexes covalently bonded to a silica-based
etwork have been obtained by a sol–gel approach. A new monomer has been synthesized by the thiol-ene photopolymerization between �-
ercaptopropyltrimethoxysilane and 4′-allyloxy-2,2′:6′,2′′-terpyridine. The monomer is afterward submitted to complexation with lanthanide ions

nd used as the siloxane network precursor. FT-IR, DR, SEM, luminescence spectra and decay analysis, as well as luminescence quantum yields,
ere used to characterize the obtained hybrid materials. Excitation at the ligand absorption wavelength (333 nm) resulted in strong emission of
he lanthanide ions: Eu3+ 5D0–7FJ (J = 0–4) and Tb3+ 5D4–7FJ (J = 6, 5, 4, 3) emission lines due to efficient energy transfer from the ligands to the
anthanide ions. When the Eu3+ and Tb3+ ions were incorporated into the same hybrid material, only the simple addition spectra from the two metal
enters was observed, which indicated bimetallic complex was not formed.

2007 Published by Elsevier B.V.
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. Introduction

The lanthanide ions are well-known for their photolumines-
ence properties in the visible and near-infrared regions [1]. The
mportance of lanthanide ions is related to the particularities of
heir luminescence, that is, long decay times and narrow-band
mission. Unfortunately, since the f–f* transitions of lanthanide
ons are forbidden by the Laporte rule, they absorb little excita-
ion energy in the visible and UV regions. Organic ligands are
nown to be efficient sensitizers for the luminescence of lan-
hanide ions. The formation of complex between a lanthanide
on and a certain organic ligand has a double beneficial effect
n both protecting metal ions from vibrational coupling and
ncreasing the light absorption cross section by “antenna effects”
2,3]. However, the practical use of these complexes as lumines-

ent devices or tunable solid-state lasers has not been realized
ecause of their poor photo and thermal stability and mechanical
roperties [4].
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Recently, there has been considerable interest in the optical
roperties of luminescent species in sol–gel derived siloxane
ybrid materials for photonic applications due to the fact that
hey potentially combine the optical quality of silica, its thermal
tability and its mechanical strength together with the optical
haracteristics of active species [5–9]. Good control of the cou-
ling between the hosts and the guest molecules has been quite
seful for the design of hybrid materials for definite applica-
ions. Typically, these materials were obtained by doping silica
el with the lanthanide complexes or organic dyes (class I hybrid
aterials) [10–15], where only weak interactions exist between

he organic and inorganic parts. Consequently, the clustering of
mitting species is difficult to prevent by this method. Inhomoge-
eous dispersion of both components and leaching of dopants are
bserved in class I hybrid materials for which the concentration
f organic species is also limited.

In this study, covalent grafting of the ligand to the silica back-
one via Si C bonds will allow us to overcome these drawbacks.

he as-derived class II hybrid materials were monophasic even
t a high concentration of organic ligands, and the reinforce-
ent of thermal and mechanical resistances has been clearly

stablished [16–24].

mailto:wangbiao@mail.sysu.edu.cn
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Terpyridines are among the N-heterocycles that have very
igh binding affinity towards various cations which are attractive
eatures for the construction of tunable chromophores [25–27].
ndeed, terpyridines can form complexes with lanthanide ions
uch as Eu3+ and Tb3+. In such cases, the terpyridine ligand
bsorbs exciting near–UV radiations and channel it to the lan-
hanide ions.

In this paper, a new kind of compound (denoted TERPY–Si)
ontaining terpyridine that plays a double role, i.e., as a ligand of
he lanthanide ions and as a precursor of the sol–gel process, was
ynthesized conveniently by thiol-ene photopolymerization. The
uminescent hybrid materials were prepared by hydrolysis and
o-condensation of tetraethoxysilane (TEOS) and TERPY–Si
n the presence of Eu3+ (or Tb3+). The silica hybrid was syn-
hesized without the addition of any acidic or basic catalysis to
void decomposition and protonation of the terpyridine group.
he transparent monolithic gels were studied by scanning elec-

ron microscopy (SEM). Luminescence spectra of the lanthanide
omplexes were recorded, and the luminescence lifetimes were
easured.

. Experimental

.1. Chemicals and procedures

�-Mercaptopropyltrimethoxysilane (MPS, 95.8%) was pur-
hased from Nanjing Shuguang Chemistry plant. The solvent
cetonitrile was dried with calcium hydride and redis-
illed. Europium and terbium nitrates were obtained from
he corresponding oxides Eu2O3 (99.99%) and Tb4O7
99.99%). 4′-Allyloxy-2,2′:6′,2′′-terpyridine (ATP) was synthe-

ized according to Ref. [28]. The procedure for the preparation
f TERPY–Si was according to reaction scheme in Fig. 1.

TERPY–Si was prepared as follows: a mixture of MPS
0.35 g, 1.7 mmol), ATP (0.50 g, 1.7 mmol), and acetonitrile

4
e
m
t

ig. 1. Scheme of the synthesis process of TERPY–Si and predicted structure of hy
0 min; (b) Eu(NO3)3·6H2O or Tb(NO3)3·6H2O, TMOS, H2O, DMF.
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15 mL) were degassed and sealed under nitrogen. Then the
olution was exposed to UV illumination using a 100 W high
ressure mercury lamp with primary output at 365 nm. After
0 min, the solvent was removed in vacuo and the pasty residue
as washed with cold hexane, then a clear oil of TERPY–Si was
btained.

1H NMR (DMSO): δ 8.71 (2H, H6 and H6′′ ), 8.60 (2H, H3 and
3′′ ), 7.98 (4H, H3′ H5′ H4 and H4′′ ), 7.49 (2H, H5 and H5′′ ), 4.33

2H, H7), 3.45 (9H, H13), 3.27 (2H, H9), 2.69 (2H, H10), 2.08
2H, H8), 1.59 (2H, H11), 0.70 (2H, H12); 13C NMR (DMSO): δ

66.4 (C4′ ), 156.4 (C2′ and C6′ ), 154.7 (C2 and C2′′ ), 148.9 (C2
nd C2′′ ), 137.0 (C4 and C4′′ ), 124.1 (C3 and C3′′ ), 120.6 (C5 and
5′′ ), 106.5 (C7), 66.3 (C13), 49.8 (C4), 33.8 (C10), 28.5 (C9),
7.2 (C8), 22.5 (C11), 7.8 (C12). MS(EI) m/e = 486.0 (M+).

The hybrid materials were prepared as follows: TERPY–Si
0.50 g, 1.0 mmol) was dissolved in 2 mL of N,N′-
imethylformide (DMF), TEOS and H2O were added to
t with the molar ratio 1:4:16 (TERPY–Si:TEOS:H2O) under
tirring. The Eu(NO3)3(Tb(NO3)3) solution of DMF was added
o the resulting mixture, the ratio of TERPY–Si to lanthanide
ons being 1:1. The mixture was agitated magnetically to
chieve a single phase and then transferred into a cuvette.
hermal curing was performed at 60 ◦C and continued until

he sample solidified. After 5 days, the samples were dried for
4 h at 100 ◦C and collected as monolithic bulks and ground as
owder materials for the photophysical studies.

.2. Measurements

All measurements completed under room temperature. 1H
MR and 13C NMR spectra was recorded on a Bruker Avance

00 spectrometer with tetramethylsilane (TMS) as internal refer-
nce. Mass spectra were taken on a Thermo DSQ low resolution
ass spectrometer. The steady-state luminescence spectra and

he lifetime measurements were measured on an Edinburgh

brid materials. Reagents and experimental conditions: (a) MPS, CH3CN, UV,
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Fig. 2. Scheme of the thiol-ene photopolymerizations.

nstruments FLS 920 spectrometer. Scanning electron micro-
cope (SEM) images were obtained with a JEOL JSM-6330F.
R spectra were measured on a Perkin-Elmer spectrum 100 spec-
rophotometer using KBr pellets. The diffuse reflectance (DR)

easurements were performed on an UV-2501PC spectropho-
ometer. The luminescence quantum yields were tested similarly
o Greenham’s way [29] in an integrating sphere (IS-80, Lab-
phere Co.) under an excitation of 325 nm.

. Results and discussion

Thiol-ene photopolymerizations are based on the addition of
thiol to a vinyl(ene) functional group [30]. The addition, as

utlined in Fig. 2 involves propagation of a thiyl radical through
vinyl functional group (step 1), followed by chain transfer

o another thiol functional group (step 2). Almost quantitative
onversion can be obtained by UV irradiation without any added
hotoinitiator [31]. In addition, the reactions not produce small
olecules (such as HCl). These properties facilitate the prepa-

ation of organotrialkoxysilane derivatives which are sensitive

o moisture.

Fig. 3 displays the IR spectra of ATP (a), TERPY–Si (b),
ERPY–Si–Eu (c) and TERPY–Si–Tb (d). In Fig. 3b, no absorp-

ion band located at approximately 1649 cm−1 assigned to the

ig. 3. FT-IR spectra for ATP (a), TERPY–Si (b), TERPY–Si–Eu (c) and
ERPY–Si–Tb (d).
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ig. 4. DR spectra of ATP (a), TERPY–Si (b), TERPY–Si–Eu (c) and
ERPY–Si–Tb (d).

ibration of the CH2CH CH2 group can be observed, indicating
he completion of grafting reactions. The νSi–OMe absorption
ands located near 1029 cm−1. In Fig. 3c and 3d, the broad
bsorption band at 1063–1013 cm−1 (νSi–O–Si) indicates the
ormation of siloxane bonds. The νSi–C vibration located in
he 1163 cm−1 wavelength is observed which is consistent with
he fact that no Si–C bond cleavage occurs during hydroly-
is/condensation reactions.

The DR spectra of the ATP (a), TERPY–Si (b),
ERPY–Si–Eu (c) and TERPY–Si–Tb (d) are shown in Fig. 4.

n the UV region of curves a–d (200–400 nm) broad absorption
ands are both observed and can be attributed to electronic tran-
itions from the ground-state level (�) S0 to the excited level
�*) S1 of the organic ligands. Comparing (b) with (a), we can
ee a red shift and the change of curve shape after thiol-ene pho-
opolymerization because the –SCH2CH2CH2Si(OCH3) group
as absorption in the longer wavelength region.

The scanning electron micrographs (Fig. 5) for TERPY–Si
ybrid materials show that homogeneous materials were
btained and no phase separation was observed, but many large
ore-like holes were also observed in terms of the backbone
eaving behind by the result of hydrolysis and polycondensation
f silica hosts. Because of the strong covalent bonds bridging
etween the inorganic and organic phases, they are composed
ather uniformly so that the two phases can exhibit their distinct
roperties together.

The excitation spectra of TERPY–Si–Eu and TERPY–Si–Tb
re shown in Fig. 6 (Ex) and Fig. 7 (Ex), respectively. These
pectra were obtained by monitoring the emission of the Eu3+

ons at 618 nm and Tb3+ at 544 nm. For TERPY–Si–Eu, the
xcitation spectrum is dominated by a broad band centered
t 333 nm, which is the characteristic absorption of the lan-
hanide complexes arising from the efficient transition based

f the conjugated double bonds of the heterocyclic ligand. So
as TERPY–Si–Tb (333 nm).
All emission spectra were obtained by excitation at 333 nm.

s can be seen from Fig. 6A, the emission band (Fig. 6B)
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Fig. 5. Scanning electron micrographs for TERPY–Si–Eu (a) and
TERPY–Si–Tb (b). Prior to the test, the surface was sputtered with
platinum for 100 s.

Fig. 6. Excitation spectrum of TERPY–Si–Eu (Ex) and emission spectra of
TERPY–Si–Eu (A), TERPY–Si (B), and Eu(NO3)3 (C).
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ig. 7. Excitation spectrum of TERPY–Si–Tb (Ex) and emission spectra of
ERPY–Si–Tb (A), TERPY–Si (B), and Tb(NO3)3 (C).

f TERPY–Si centered at 368 nm is disappeared while the
haracteristic peaks of Eu3+ (5D0–7FJ (J = 0–4)) are promi-
ently strengthened compared with that of Eu(NO3) (Fig. 6C).
his indicates that energy transfer could take place from the

erpyridine group to the lanthanide ion, that is, coordination
ccurs. The 5D0–7F1 transition is independent of the environ-
ent but the 5D0–7F2 is hypersensitive [32]. The intensity ratio

(5D0–7F2)/I(5D0–7F1) of Eu(NO3)3 (2.7) was smaller than that
f TERPY–Si–Eu (3.5), indicating the coordination leads to a
ncrease in the odd parity (asymmetry) of Eu(III) complexes
33]. The homogeneity of TERPY–Si–Eu is shown well in
ig. 6A, which displays only one line for the 5D0–7F0 emission.
s far as the emission spectrum of TERPY–Si–Tb is concerned,

our lines of Tb3+ 5D4–7FJ (J = 3–6) emission can be detected
n the visible spectrum. The most prominent line is observed at
pproximately 544 nm, which has a increased branching ratio
from 0.58 to 0.62) after coordination. From the spectra, it was
bserved that the resulting hybrid materials possessed excellent
uminescence characteristics, not only strong emission intensity
ut also narrow half emission width (12 nm for TERPY–Si–Eu
nd 8 nm for TERPY–Si–Tb).

Tew and co-worker [34] recently reported a novel yellow
mission and thermochromism in the lanthanide–terpyridine-
ased polymeric alloys containing Eu3+ and Tb3+. Here, these
wo different lanthanide ions were also incorporated into the
ame hybrid material to study the luminescence behavior. The
mission curve for this sample (TERPY–Si–Eu–Tb) reported in
ig. 8. Only the simple addition spectra from the two metal cen-

ers was observed. This results can be explained by the concept of
ite isolation [35], i.e., specific entities can be considered as the
inding sites for metal ions. Here, the monomer plays a double
ole, that is, as a precursor for the sol–gel and as the binding site
or the lanthanide ions, confining the migration of the lanthanide
ons and the aggregation to large particles. Upon hydrolysis and

ondensation, the ligands form a preliminary network, which
urther restricts approach of the lanthanide ions.

Fig. 9 presents the typical decay curves of the hybrid mate-
ials. Both of the decay curves can be well-fitted by a single
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ig. 8. Emission spectra of the 1:1 europium(III)/terbium(III)-co-doped hybrid
aterial (TERPY–Si–Eu–Tb) excited at 333 nm.

xponential function: I = I0 + A exp[−(t − t0)/τ] (A is the con-
tant, I0 the intensity at t0, and τ is the lifetime) confirming that
ll Ln3+ ions lie in the same average environment. The lumines-
ence lifetimes were determined to be 1.0 ms for Eu3+ ions and
.8 ms for Tb3+ ions by the above fits. In general, the radiative
ifetime of the 5D0 state of Eu3+ ions falls in the millisecond
ange [36,37], the experimental decay time is in this range, indi-
ating that the ligand used are efficiently shielding Ln3+ ions
rom their surroundings.

The emission quantum yield of TERPY–Si–Eu was 34%
nd that of TERPY–Si–Tb was 75%. The results indicated
hat the quenching by high-energy vibrations (O–H, C–H) and
oncentration was not severe. The emission quantum yield of
ERPY–Si–Tb was much larger than that of TERPY–Si–Eu.

fficient energy transfer from terpyridine moiety to the ter-
ium(III) ion compared to the europium(III) ion probably caused
y the energy matching of the triplet level.

ig. 9. 5D0 decay curve (a) of Eu3+ and 5D0 decay curve (b) of Tb3+ excited at
33 nm in hybrid materials TERPY–Si–Eu and TERPY–Si–Tb.
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. Conclusions

A kind of compound for sol–gel containing terpyridine,
hich plays a double role, i.e., as a ligand for lanthanide ions and

s a precursor for sol–gel has been synthesized and character-
zed. Novel hybrid materials covalently linked with lanthanide
omplexes have been prepared and characterized in detail. There
s no obvious phase separation in these hybrid materials and the
anthanide complexes can be doped in these hybrid monoliths
niformly. The final hybrids show strong, characteristic emis-
ions of Eu3+ and Tb3+ ions by intramolecular energy transfer
rom the triplet state energy of terpyridine group to the resonant
missive energy level of the central Ln3+. There is predominantly
ne type of Ln3+ binding site with the materials.

Hence, it is anticipated that this homogeneous hybrid mate-
ials with strong covalent bonds will attract interest for its
tilization in optical or electronic applications.
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