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bstract

A novel molecular precursor (abbreviated as TAM-Si) derives from thioacetaminde (TAM) modified by 3-(triethoxysilyl)-propyl isocyanate
TEPIC) though the hydrogen transfer addition reaction. Then TAM-Si behaves as functional molecular bridge which coordinates to RE3 (Eu3+,
b3+) as well as form Si O network with inorganic precursor (TEOS) after a sol–gel process (cohydrolysis and copolycondensation reaction),

esulting in the covalently bonded hybrid materials (RE–TAM-Si). On the other hand, the hybrid material of TAM-Si without introduction of RE3+

s well has been obtained. SEM pictures indicate that the TAM-Si show the sphere micromorphology with particle size of micrometer dimension
hile RE–TAM-Si hybrids present different nanometer particle, which suggests that lanthanide ions has influence on the microstructure of hybrid
ystems through its coordinated effect. The blue emission for TAM-Si hybrids and the narrow-width green and red emissions were achieved for
b3+ and Eu3+ ions, respectively, indicating that the intramolecular energy transfer process take place from photoactive group to Tb3+ and Eu3+

ons in these hybrid microsphere systems. Especially the lifetime and quantum efficiency for europium hybrids have been determined.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Recently, sol–gel derived hybrids incorporating lanthanide
ons have been taken as technological potential materials in the
omain of optics, especially for the fabrication of displays and
ighting devices [1]. In these organic–inorganic matrices, usu-
lly designated as organically modified silicates, the thermal and
echanical stability of a siloxane-type network are combined
ith the multifunctional characters provided by the organic seg-
ents [2]. The desirable characteristics of polymers, namely the

asy shaping, are thus brought together in a single material with
he optical features provided by the luminescent centers. Lan-
hanide complexes have been investigated thoroughly in view of

heir long-lived excited-states characteristic and their especially
fficient strong narrow-width emission band in the visible region
3]. Although optics might in principle be obtained in entrapping
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f lanthanide complexes in sol–gel derived host structures, the
igh decay rates of lanthanide excited states (especially deacti-
ations associated with O H oscillators) observed in the hybrid
osts proposed have delayed the practical application of such
ystems [4–7]. The disposal of linking organic and inorganic
arts together with covalent bonds is a good candidate to mini-
ize non-radiation paths, because this technology could lead to

igher sample homogeneity which decreases the water molecu-
ar between organic and inorganic phases [8].

Sol–gel method has been taken as the classical approach to
repare silica-based organic–inorganic hybrid materials due to
he advantages such as low-temperature processing and easy
haping, higher sample homogeneity and purity [9]. Moreover,
he location of the organic segments can be priori tuned through
egments-matrix interactions (covalent bonds, hydrogen bonds,
onic and van der Waals bonds) [1]. Even when all the silica mate-
ials obtained by sol–gel route are always amorphous systems,

he possibility of self-organization in these hybrid materials has
een demonstrated by using very specific organic precursors
uch as linear spacers presenting rigid or semi-rigid geometries
r a di-urea based precursor that exhibit a strong interaction

mailto:byan@tongji.edu.cn
dx.doi.org/10.1016/j.jphotochem.2008.01.015
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y H-bonding [10–12]. In all the cases investigated, only weak
nteractions between the organic moieties such as van der Waals,
ondon, or �–� staking were able to induce an organization.
hus, the introduction of an organic group appeared like a factor

avorable for the existence of an organization into these amor-
hous systems since the X-ray scattering exhibits diffraction
ignals, but never any Bragg peak [13].

To introduce the lanthanide complexes into the hybrids, there
re many ways. One way is to utilize the coordinative site of
he matrix to coordinate with lanthanide ion and combine with
ther ligands [14–16]. Another way is to utilize the combinable
roup of the complex to reaction with the siloxane hybrid pre-
ursor. The development of novel linkages for tethering organic
ompounds to inorganic solid supports is an area of active
nvestigation and there are four ways to synthesis lanthanide cen-
ered luminescent hybrid materials: amino-modification [17,18],
ydroxyl-modification [19–22], carboxyl-modification [23–25],
nd sulfonic-modification [26].

Thus, our specific investigations have concerned about the
ynthesis of the �-diketones siloxane hybrid precursor. The
tructure as well as the texture of the hybrid solids are also

nvestigated that how the coordination between the ions and the
igands in the sol–gel process can impact on the organization in
hose amorphous systems. We use thioacetaminde as the original
eagent. It can react with 3-(triethoxysilyl)-propyl isocyanate

a
o

a

ig. 1. Scheme of (I) the typical procedures for the preparation of hybrid precursor a
aterial (A) and Eu–TAM-Si hybrid material (B).
otobiology A: Chemistry 197 (2008) 351–358

nd the derived organosilane precursor have the functional
roup similar to the �-diketones [27,28]. Then the precursor
as submitted to complex with Eu3+/Tb3+ ions and to a sol–gel
rocess in order to obtain the anticipant hybrid materials. They
re generally performed at room temperature where gelatine
articles have to be stabilized by chemical cross-linking. As
n alternative, we developed an oil-in-water emulsion process
nvolving the drying gelatine on a vacuum line, followed by
he rapid condensation of silicates, leading to stable hybrid

icro-particles. The structure of the deposited silica particles
ppears to depend on both organosilane concentrate and the
oordination interactions.

. Experimental

.1. Chemicals and procedures

Starting materials were purchased from Alfa Ltd. and were
sed as received. All normal organic solvents were purchased
rom China National Medicines Group and were distilled before
tilization according to the literature procedures [29]. Terbium

nd europium nitrates were obtained from the corresponding
xides in dilute nitric acid.

The typical procedures for the preparation of hybrid precursor
nd hybrid material are described in Fig. 1(I). The hybrid pre-

nd hybrid material and (II) the hypothetic form mechanism of TAM-Si hybrid
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of other peaks’ intensities may be due to the containing of the
organic groups by the silicate inorganic host which occurred
in the hydrolysis and condensation process. Coordination of
lanthanide ions by the ligands is clearly shown by infrared spec-
H.-F. Lu, B. Yan / Journal of Photochemistry a

ursor was prepared as follows: 0.45 g (6 mmol) thioacetaminde
as first dissolved in 15 ml pyridine by stirring and then 1.48 g

6 mmol) 3-(triethoxysilyl)-propyl isocyanate was added to the
olution by drops. The whole mixture was Refluxing at 70 ◦C
or 6 h. The solution was condensed to evaporate the solvent and
hen the residue was dried on a vacuum line. A yellow oil was
btained. Anal. calcd. for C17H27O6NSSi (%): C 45.11, H 8.20,

8.77; Found: C 44.85, H 7.98, N 8.54. 1H NMR (CDC13,
00 MHz) 0.62 (t, 2H, H3), 1.22 (t, 9H, H1) 1.60 (m, 2H, H4),
.56 (s, 3H, H8), 3.14 (q, 2H, H5), 3.83 (q, 6H, H2), 4.84 (s, 1H,
6), 7.92 (s, 1H, H7).
The sol–gel derived hybrid material TAM-Si was prepared as

ollows: 0.6 mmol hybrid precursor and 1.2 mmol tetraethoxysi-
ane (TEOS) were dissolved in 5 ml ethanol with stirring. The

ixture was agitated magnetically to achieve a single phase in a
overed Teflon beaker for 4 h, and then 30 ml water was added
nder gentle magnetic stirring to form an initial o/w (oil-in-
ater) macro-emulsion for an hour. After that, it was dried on a
acuum line at 60 ◦C immediately. After aged until the onset of
elation which occurred, the gels were collected for the physical
roperties studies. It was named hybrid material I in this paper.

The sol–gel derived hybrid materials containing lanthanide
ons (RE–TAM-Si, RE = Eu, Tb) were prepared as follows:
.6 mmol sulfonamide precursor was dissolved in 5 ml ethanol
ith stirring. And 0.2 mmol RE(NO3)3·6H2O, Tb(NO3)3·6H2O

nd Eu(NO3)3·6H2O, respectively) and 1.2 mmol tetraethoxysi-
ane (TEOS) was added into the solution, respectively. The

ixture was agitated magnetically to achieve a single phase
n a covered Teflon beaker for 4 h, and then 30 ml water was
dded under gentle magnetic stirring to form an initial o/w (oil-
n-water) macro-emulsion for an hour. After that, it was dried on
vacuum line at 60 ◦C immediately. After aged until the onset of
elation which occurred, the gels were collected for the physical
roperties studies.

. Measurements

Fourier transform infrared (FTIR) spectra were measured
ithin the 4000–400 cm−1 region on an (Nicolet model 5SXC)

nfrared spectrophotometer with the KBr pellet technique. Pro-
on Nuclear Magnetic Resonance (1H NMR) spectra were
ecorded in CDCl3 on a BRUKER AVANCE-500 spectrome-
er with tetramethylsilane (TMS) as inter Reference. Elemental
nalyses (C, H, N) were determined with a Carlo Erba EA1110
lemental analyzer. Near Infrared spectra (NIR) of hybrid mate-
ials were recorded with a BWSpec 3.24u 58 spectrophotometer.
hosphorescent spectra (chloroform solution) and luminescence
excitation and emission) spectra of these solid complexes were
etermined with a RF-5301 spectrophotometer whose excitation
nd emission slits were 5 and 3 nm, respectively. All the emis-
ion and excitation spectra were corrected and the intensities
ere determined with integrated area. Luminescent lifetimes for
ybrid materials were obtained with an Edinburgh Instruments

LS 920 phosphorimeter using a 450 W xenon lamp as excita-

ion source (pulse width, 3 �s). The X-ray diffraction (XRD)
easurements were carried out on powdered samples via a

BRUKER D8” diffractometer (40 mA 40 kV) using monochro-
F
m

otobiology A: Chemistry 197 (2008) 351–358 353

ated Cu K�1 radiation (λ = 1.54 Å) over the 2θ range of
0–70◦. Scanning electronic microscope (SEM) images were
btained with Philps XL-30.

. Results and discussion

.1. Characterization of hybrid materials

The Fourier Transform Infrared spectra (FTIR) for TAM (a),
AM-Si (b), TAM-Si hybrid material (c) and Eu–TAM-Si mate-
ial (d), respectively are shown in Fig. 2. The peaks at 3200 cm−1

n curve of thioacetaminde is the unique vibration of NH2 group
nd it turned into broad peak of ν(N H) at 3450–3300 cm−1 in
urve of TAM-Si (b) [25]. Two adjacent sharp peaks at 2926 and
886 cm−1 in curve of TAM-Si (b) are νas(CH2) and νs(CH2) of
he long carbon chain in precursors. 1H NMR spectra relative to
he precursors are in full agreement with the proposed structures.
n the spectra of hybrid materials, the spectra are dominated by
he ν(Si O Si) absorption bands at 1120–1000 cm−1. These
ndicated the formation of siloxane bonds [30]. The decrease
ig. 2. Infrared spectra of thioacetaminde (a), the precursor (b), TAM-Si hybrid
aterial (c) and Eu–TAM-Si hybrid material (d).
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ig. 3. Near infrared spectra of TAM-Si hybrid material (a) and Eu–TAM-Si
ybrid material (b).

roscopy. In spectrum of TAM-Si (b), the ν(C O) vibrations is
ocated at 1686 cm−1. But in the spectrum of the hybrid material
I (d), the ν(C O) vibrations is shifted to the 1596 cm−1 while it
eep constant in the spectrum of TAM-Si (c). The shift is a proof
f the coordination of the carbonyl group to the metallic ion with
he oxygen atoms [20]. Fig. 3 shows the near infrared spectra
NIR) of TAM-Si (a) and Eu–TAM-Si (b). In the spectra, there
s slightly difference between two curves because there is only
he difference of the existence of the lanthanide ions between
wo kinds of hybrid materials. The shift of the broad peak from
195–6092 to 7004–6002 nm corresponds to the coordination
f lanthanide to the organic groups.

The scanning electron micrographs (SEM) of TAM-Si hybrid
aterial (A) and Eu–TAM-Si hybrid material (B) can give some

roofs from the texture (Fig. 4). For TAM-Si hybrids without
anthanide ions, in the sol process, the o/w macro-emulsion is
ecisive and responsibility for the hybrids’ final texture. The iso-
ated sphere is easy to understand because the weak interactions
etween the organic moieties such as van der Waals, London,
r �–� staking were able to induce an organization [10–12].
or the bi-sphere particle, it may be supposed that pervasions

ake place between two spheres (see A in Fig. 1(II)). The micro-
phere is located in 2–5 �m dimension. The micromorphology
f Eu–TAM-Si introduced europium ions seems to be largely dif-
erent with TAM-Si while they were prepared by same process,
hose particle sizes are in the 50–100 nm dimension. Because
f the strong chelation effect between organic groups and lan-
hanide ions, the configurations of the organosilane is mixed up
nd it is difficult to form an organization under the weak interac-
ions such as �–� staking (as shown the hypothesis in Fig. 1(II,
)).

As mentioned in the experimental, the hybrid materials could
e received through a polycondensation reaction between the
erminal silanol groups of TAM-Si and the OH groups of

ydrolyzed TEOS. The possible reaction model of TEOS and
AM-Si were illustrated in Fig. 4. At the beginning of the
eaction, as shown in Fig. 4 (Step I), the individual hydroly-
is of TAM-Si and TEOS are predominant. The Steps II and III,

o
o
p
p

ig. 4. The scanning electron micrographs of (A) TAM-Si hybrid material and
B) Eu–TAM-Si hybrid material.

owever, are related to the polycondensation reactions between
ydroxyl groups of both TMASi and TEOS. By these meth-
ds, the covalently bonded hybrids TAM-Si can be achieved.
imilarly, the molecular-based composites bearing the RE O
oordination bond and Si O covalent bonds can also been
btained after the introduction of RE3+. Here we named the
ooperation of both TMASi and TEOS within the in situ sol–gel
rocess as cohydrolysis and copolycondensation (similar to
opolymerization of organic monomer). Compared the TMA-Si
ithout RE3+ and RE–TMA-Si hybrids, there exists the appar-

nt distinction. The former only involves the sol–gel process
cohydrolysis and copolycondensation process), while the latter
ppears coordination reaction between RE3+ and TMASi, which
ave great influence on the sol–gel process and the microstruc-
ure or physical properties of the hybrids. For TMS-Si hybrids,
he generously sol–gel process is favorable for the mass trans-
ort and particle growth, resulting in the larger particle size

f microstructure. Besides, the uniformly growth without any
ther interaction becomes easy for sol–gel process, so the large
article of sphere microphology can form. Because the sol–gel
rocess involves two precursors, TMASi and TEOS, so it is
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ited a broad phosphorescence band which corresponds to the
triplet state emission of them. A red shift was observed between
thioacetaminde TAM and precursor because the modification
Fig. 5. The scheme of hydrolysis and polycondensatio

asy to understand that the cohydrolysis and copolycondensa-
ion process from different precursor each other give rise to the
iosphere microstructure. For RE–TMA-Si hybrids, when RE3+

Eu3+ or Tb3+) was introduced, the chelation effect between
E3+ and TMASi naturally influences on the hydrolysis and
olycondensation process of TMASi directly, further influence
n the growth tendency or rate of the final hybrids, which can
ontrol the microstructure and luminescent properties of them.
s we know, RE3+ possesses the high coordination number, so

he chelated ability is strong and can play a role in the con-
rol of hybrids. Subsequently, the coordination effects intervene
he normal sol–gel process and limits growth rate and particle
ize. The interpretation has been verified from the above SEM
atterns and the below luminescent properties (Fig. 5).

.2. Photophysical properties of hybrid materials

Carbonyl and thiocarbonyl compounds are already well
nown to be good chelating groups to sensitize luminescence of
anthanide ions. The mechanism usually described as antenna

ffect: the ligand reinforce the energy absorbability and trans-
er it to the metal ion with high efficiency. Then the emission
rom the lanthanide ions’ excited state will be observed [31].
he phosphorescence spectra of TAM (a) and the precursor

F
T

cesses between TAM-Si (or RE–TAM-Si) and TEOS.

AM-Si (b) are recorded in Fig. 6. All of the curves exhib-
ig. 6. Phosphorescence spectra of thioacetaminde TAM (a) and the precursor
AM-Si (b).
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Fig. 8. The emission spectra of TAM-Si hybrid material.
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f thioacetaminde enlarges the conjugation. The triplet state
nergy of carbonyl group is 22,720 cm−1 for TAM-Si and energy
ifferences between it and the resonant emissive energy levels
f terbium ion (20,500 cm−1) or (europium ion (17,300 cm−1))
re 2220 and 5420 cm−1, respectively. According to the energy
ransfer and intramolecular energy mechanism [32–35], the
ntramolecular energy transfer efficiency depends on energy
ifference, whose value is neither more nor less. So it can be
redicted that the triplet state energy of precursor is quite suit-
ble for the luminescence of terbium ion but poor for europium
on for the energy difference for Eu3+ is too larger. When the
ap of the energy levels between the ligand and europium ion is
arge, the energy transfer will be hampered.

Fig. 7 is the excitation spectra of the resulting hybrid mate-
ials, which are monitored at 545 nm under room temperature.
he spectra exhibits broad excitation bands centered at 330 nm

n the UV range, respectively. The band around 330 nm cor-
esponds to ligand-to-metal charge transfer (LMCT) transition
aused by interaction between the organic groups and the lan-
hanide ions [35]. No f–f transitions could be observed in the
pectra. The luminescence behaviors of all of the materials
ave been investigated at 298 K by direct excitation of the lig-
nds (330 nm). Representative emission spectra are given in
igs. 8–10, respectively. It is a narrow-width red emission of
uropium hybrid materials. The narrow-width green emission
s observed in the terbium hybrid materials. Fig. 9 illustrates
ypical photoluminescence spectra of the hybrid material I.
ecause no lanthanide ions are doped in them, this kind of
ybrid materials can only emit the luminescence of the organic
roup. The peak of the emission is located at 467 nm. Fig. 9
llustrates typical photoluminescence spectra of the europium
ybrid material. The maxima of these bands are at 590 and
13 nm which is associated with 5D0 → 7F1 and 5D0 → 7F2
ransitions, respectively. The energy transfer from the carboxylic

igand to europium(III) is not perfect, as can be noticed to the
esidual ligand emission between 500 and 570 nm. It is not sur-
rise because the poor energy level match has been described
reviously. A prominent feature that may be noted in these spec-

Fig. 7. The excitation spectra of TAM-Si hybrid material.

Fig. 9. The emission spectra of Eu–TAM-Si hybrid material.

Fig. 10. The emission spectra of Tb–TAM-Si hybrid material.
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Table 1
Luminescent data for the covalently bonded europium and terbium hybrid materials.

Molecular hybrids Eu–TAM-Si Tb–TAM-Si

Emission band (nm) 577, 589, 614, 647, 696 487, 542, 581, 619
17331, 16978, 16287, 15456, 14368

Relative intensities (a.u.)a 3.45, 28.95, 125.69, 0.90, 0.78 233, 520, 52.6, 24.5
Lifetimes (ms)b 0.44 0.81
Experimental decay rates (s−1) 2273
Radiative decay rates (s−1) 285.43
Non-radiative decay rates (s−1) 1987.57
Number of coordinated water 2.09
Quantum efficiency (%) 12.56
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a The relative intensities were obtained by the calculation of integral area of t
b For 5D0 → 7F2 transition of Eu3+.

ra is the high intensity ratios of I(5D0 → 7F2)/I(5D0 → 7F1).
he intensity (the integration of the luminescent band) ratio
f the 5D0 → 7F2 transition to 5D0 → 7F1 transition has been
idely used as an indicator of Eu3+ site symmetry [36]. When

he interactions of the lanthanide complex with its local chem-
cal environment are stronger, the complex becomes more
onsymmetrical and the intensity of the electric–dipolar tran-
itions becomes more intense. As a result, 5D0 → 7F1 transition
magnetic–dipolar transitions) decreased and 5D0 → 7F2 transi-
ion (electric–dipolar transitions) increased. In this situation, the
ntensity ratios are approximately 2.5. This ratio is only possi-
le when the europium ion does not occupy a site with inversion
ymmetry [35]. It is clear that the strong coordination inter-
ctions took place between the organic groups and lanthanide
ons. Fig. 10 illustrates typical photoluminescence spectra of
he terbium hybrid material. Narrow-width emission bands with

axima at 487, 543, 580 and 619 nm are recorded. These bands
re related to the transition from the triplet state energy level of
b3+ to the different single state levels and are attributed to the
D4 → 7F6, 5D4 → 7F5, 5D4 → 7F4 and 5D4 → 7F3 transitions
f Tb3+ ions. The lower baseline in the spectra suggests that
nergy transfer efficiency between the organic groups and Tb3+

ons is higher than that between the organic groups and Eu3+

ons. Base on the above results, three covalently bonded hybrid
aterials can be achieved through the one modified functional

erivatives and sol–gel technology, which exhibit three differ-
nt kinds of luminescence (trichromatic luminescence of blue,
reen and red). It can be predicted to modify the molar ratio
f three hybrids and assembled them in one hybrid Si O hybrid
etwork systems through the cohydrolysis and copolycondensa-
ion process, resulting in the white luminescence. This however
eeds to be fundamentally investigated further.

The typical decay curve of the Eu and Tb hybrid material
ere measured and they can be described as a single exponential

Ln(S(t)/S0) = −k1t = −t/τ), indicating that all Eu3+ and Tb3+

ons occupy the same average coordination environment. The
esulting lifetimes of Eu and Tb hybrids are given in Table 1.

e further determined the emission quantum efficiencies of the

D0 europium ion excited state for Eu3+ hybrids on the basis
f the emission spectra and lifetimes of the 5D0 emitting level
sing the four main equation according to the Ref. [37–45]. The
etailed principle and method was adopted as Ref. [42] and the

n

I
E

e emission bands.

ata are shown in Table 1.

0J = A01

(
I0J

I01

) (
υ01

υ0J

)
(1)

rad =
∑

A0J = A00 + A01 + A02 + A03 + A04 (2)

= A−1
rad + A−1

nrad (3)

= Arad

Arad + Anrad
(4)

ere A0J is the experimental coefficients of spontaneous emis-
ions, among A01 is the Einstein’s coefficient of spontaneous
mission between the 5D0 and 7F1 energy levels, which can be
etermined to be 50 s−1 approximately [42–45] and as a refer-
nce to calculate the value of other A0J. I is the emission intensity
nd can be taken as the integrated intensity of the 5D0 → 7FJ

mission bands [38,39]. υ0J Refers to the energy barrier and can
e determined from the emission bands of Eu3+’s 5D0 → 7FJ
mission transitions. Arad and Anrad mean to the radiative tran-
ition rate and nonradiative transition rate, respectively, among
rad can be determined from the summation of A0J (Eq. (2)).
nd then the luminescence quantum efficiency can be calculated

rom the luminescent lifetimes, radiative and nonradiative tran-
ition rates. The luminescent quantum efficiency for europium
ybrid Eu–TAM-Si is estimated as 12.56, which directly be due
o the short luminescent lifetimes. The low quantum efficiency
or Eu–TAM-Si indicates that the energy match and energy
ransfer between TAM-Si and Eu3+ is not effective, which take
greement with the prediction of above discussion. Although
he quantum efficiency of Tb system is too complicated to be
alculated from the lifetime data of Tb–TAM-Si hybrids, we
till predict that the quantum efficiency for terbium hybrids may
e higher than europium one because it possess longer lifetime
0.81 ms).

Horrocks and Sudnick suggested that the number of water
olecules coordinated to the metal ion (nw) could be evaluated

ccording to the empirical formula [46].
w=1.05Anrad = 1.05(Aexp − Arad) = 1.05(τ−1
exp − Arad) (5)

t is found that the number of water molecules belonging to the
u3+ first coordination shell is similar for both the complex and
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he nanocomposite [41]. Therefore, we can determine that the
umber of coordinated water molecules to Eu3+ is 2 (as shown
n Fig. 1(I)). The two water coordinated water molecules maybe
he main factor to decrease the energy transfer efficiency and
uminescent quantum efficiency.

. Conclusions

In this work, three novel kinds covalently boned hybrid
aterials with blue (TAM-Si), green (Tb–TAM-Si) and red

Eu–TAM-Si) luminescence have been prepared by sol–gel
rocess based on an o/w process and organosilane polycon-
ensation. The coordination between the ions and the ligands
n the sol–gel process can impact on the organization in those
morphous systems as well on the luminescent behaviors.
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