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Photoactive Europium Hybrids of p-Diketone-Modified Polysilsesquioxane
Bridge Linking Si—-O-B(Ti)-O Xerogels
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Polysilsesquioxane bridges are obtained through the single
modification of 3-(triethoxysilyl)propyl isocyanate (TEPIC) by
two B-diketone ligands [thenoyltrifluoroacetylacetone (TTA)
and trifluoroacetylacetone (TA)], which behave as linkages
between the europium ion and composite host Si-O-M (M =
B or Ti) xerogels by controlling the hydrolysis rate of the alk-
oxy compounds (tetraethyl orthosilicate, titanium butoxide
and tributyl borate). Subsequently, luminescent europium
hybrid xerogels are assembled and characterized by NMR,
Fourier transform infrared (FTIR), ultraviolet absorption and
ultraviolet/visible diffuse reflection spectroscopy, X-ray dif-
fraction (XRD), thermogravimetric analysis (TGA), scanning
electron microscopy (SEM), and photoluminescence spec-

troscopy through which the decay times () and quantum effi-
ciency (#) can be determined. These results reveal that the
lanthanide complexes have been covalently immobilized into
the composite inorganic xerogels and the obtained hybrids
have the excellent ability of light absorption and emission.
The hybrids with composite Si—-O-B xerogels possess the
matched photoluminescent properties (red emission inten-
sity, lifetimes, and quantum efficiency) as the pure silica oxy-
gen network, both of which show a superior luminescence
performance than the hybrids with composite Si—-O-Ti xero-
gels. Besides, the single modification of TTA is favorable for
the luminescence of the hybrid xerogels.

Introduction

It has long been recognized that trivalent lanthanide ions
have excellent optical properties such as large Stokes shifts,
high luminescence quantum efficiency, and sharp emission
spectra etc.l!’ However, lanthanide ions have not been
widely applied in luminescent materials for their poor light
absorption ability. The f—f transitions of lanthanide ions be-
long to the spin forbidden ones, so it is difficult to generate
efficient luminescence emission by direct excitation. Lan-
thanide complexes are much more outstanding than simple
lanthanide ions with respect to light emission because of the
so-called “antenna effect”;?! therefore, they offer potential
applications in many fields of optical amplification, organic
light-emitting diodes, tunable solid-state lasers, phosphors,
and luminescent sensors.’] However, the practical applica-
tion of these materials in optical devices is limited to a large
extent by their poor stability under high temperature, high
pressure, or moisture conditions and low mechanical
strength.[

The proposal of new concept “organic/inorganic hybrid
materials” brings lanthanide luminescent materials new de-
velopment opportunities.”! The combination of organic and
inorganic components at a molecular or a nanometer level
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brings together the integration of certain strong points of
organic compounds (easy processing with conventional
techniques, elasticity, and organic functionalities) with the
advantages of the inorganic composition (hardness, thermal
and chemical stability).[®! Similarly, luminescent lanthanide
hybrid materials obtained by grafting lanthanide complexes
onto some matrices, such as silica-based materials,[”l poly-
mers,® or liquid crystals, can exhibit excellent optical
properties and good thermal and compressive stabilities!!"]
relative to the pure lanthanide complexes. According to the
different force acting between the two phases, organic—inor-
ganic hybrid materials are divided into two major classes.
There are weak interactions (such as hydrogen bonding, van
der Waals forces, or weak static effects) between the organic
and inorganic phases,!'!l so there are many problems such
as clustering of the emitters, inhomogeneous dispersion of
the components, or leaching of the dopants. By strong
chemical bonds, such as covalent, iono-covalent, or Lewis
acid base bonds,['?! grafting of the complexes onto sol-gel-
derived host materials produce the second class of hybrid
materials.'3 The latter class overcomes the disadvantages
of the former class, as it encourages homogeneity and
avoids the self-quenching of lanthanide ions, which results
in increasing concentrations.

Luminescent lanthanide hybrid materials based on sili-
cate systems have been quite well developed. Carlos and
Binnemans both have reviewed the topic.'¥! Our research
team has done extensive work on covalently grafting the
ligands to the inorganic networks, in which the lanthanide

HWILEY i

ONLINE LIBRARY 79



FULL PAPER

C. Wang, B. Yan, J.-L. Liu, L. Guo

complexes luminescence centers are bonded with a siloxane
matrix through Si-O linkages. We have successfully realized
six paths for the construction of the functional silylated pre-
cursors. In addition, after modification, we have assembled
the above modified bridge ligands with lanthanide ions and
tetraethoxysilane (TEOS) to compose hybrid systems with
covalent bonds, and we obtained a series of stable and ef-
ficient molecular hybrid materials for use in optical
areas.'>!7l However, it is a pity that other elements have
hardly, even never, been introduced into the host networks
of organic-inorganic hybrid materials.'® Titanium and
boron have attracted the attention of our team owing to
their interesting properties. Titanium is an exotic metal,
which can be applied to photocatalytic and energy conver-
sion,!'”) meanwhile, boron has a strong bonding ability, in
its elemental form and in compounds with complex struc-
tures. Therefore, the introduction of titanium or boron into
organic-inorganic hybrid materials will probably improve
these materials and thus generate new materials with more
advanced properties. Currently, as far as we know, reports
on lanthanide complexes grafted onto titanium gel and
boron gel to host a network of hybrid materials are few.[!8]

In this paper, on the basis of our previous work on the
modification of B-diketone for the construction of hy-
brids,[1-175-18a] \e synthesize a series of luminescent or-
ganic-inorganic hybrid xerogels with a composite host
using titanium/boron instead of partial silicate covalently
bonded to form Si—-O-Ti or Si—O-B networks through a
sol-gel process. For comparison, some luminescent or-
ganic-inorganic hybrids based on silicate systems are also
prepared. Moreover, the luminescence properties, micro-
structure, and thermal stabilities of these materials are ana-
lyzed in detail.

Results and Discussion

The synthesis for the silylated precursors (TTAS;,
TTASI’, TAASI) through the extraction of the methylene
group and the predicted structure of the hybrid materials
are shown in Figures 1 and S1. Here it should be noted that
single modification of a hydrogen atom of the methylene is
important for two reasons: the first is because of the de-
crease in the steric hindrance effect from the large silylated
groups and the second is because the unsymmetrical struc-
ture is able to achieve an effective photoactivity.*! For
comparison, we also selectively prepared hybrids with
double modification of TTA (TTASi’). The bifunctional 3-
diketone molecular bridge not only has the capability of
coordinating to lanthanide ions but can also form cova-
lently bonded Si—O networks after the cohydrolysis and co-
polycondensation with TEOS (TBB, TBNT) through their
alkoxy groups. These kinds of hybrid materials belong to a
complicated huge molecular network. To date, the struc-
tural characterization of these non-crystalline hybrid mate-
rials remains a challenge. However, we can predict the main
composition and coordination effect of these hybrids by
knowledge of lanthanide coordination chemistry principles
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and the behavior of the functional groups of the organic
unit. The modified B-diketone ligands (TTASi, TTASI',
TASI) still possess two chelated oxygen atoms, and from the
molar ratio 1:3 of B-diketone ligands to Eu3*, it can seen
that six coordination positions are occupied by three of
these ligands. Water molecules occupy the remaining posi-
tions to form an eight-coordination number structure for
common RE3* species. These predictions have also been
confirmed by infrared spectroscopy.
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Figure 1. Selected scheme of the synthesis processes and predicted
structure of europium-centered covalently bonded hybrids Eu-
TTASI-X (B = Si, B, Ti).

The IR spectra of the ligand (TTA, TA), the coupling
agents (TEPIC), and the precursors (TTASi, TASi, TTASi")
are shown in Figures S2 and S3. In Figure S3, an example
for the TTASI’ system is shown. It can be observed that
CH,— stretching vibration peak of TTA at 3110 cm™! is re-
placed by a strong broad band centered at 2956 cm™!, which
derives from the three methylene groups of TEPIC. More-
over, in the spectrum for TTASi" (Figure S3), the vibration
peaks at 1274 cm ! and 1085 cm ! are assigned to v(C-Si)
and v(Si-O) stretching vibration absorption bands, respec-
tively, and the band centered at 3340 cm™' corresponds to
the stretching vibration of the grafted NH- group. The
bending vibration [§(NH), 1527 cm™!] further proves the
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formation of amide groups. New bands at 1695 and
1625 cm™! formed in the spectrum for TTASI’, attributed to
the C=0 absorption bands of TEPIC,[>!1 and the disappear-
ance of the vibration peak (N=C=0) at 2274 cm', prove
that TEPIC has been grafted onto the B-diketone ligand
TTA.2? Figure S2 shows the similar features for the TTASI
and TAS: series.

Figure 2 shows selected ultraviolet absorption spectra of
TTA (TA) and TTASi (TASi). In Figure 2A, we can see a
slight blueshift in the major n—m* electronic transition for
the thenoyl ring on going from TTA to TTASI (from 266
to 258 nm) and a redshift (from 324 to 338 nm) for the con-
jugated diketones groups occur, which indicates that the
electron distribution of the conjugated system has changed
after TEPIC is introduced into the B-diketone TTA. For
Figure 2B, the redshift from 278 to 285 nm appears, which
suggests that TA is grafted by TEPIC. Further, it can be
seen that there is a large overlap between the absorption
bands of the precursors (TTASi, TASi) and the excitation
bands of the hybrid gels (will be shown in afterwards),
which suggests that the TTA or TA groups can sensitize the
central Eu?* ion in the hybrid material efficiently, namely
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Figure 2. Selected UV/Vis absorption spectra of the single-modified
precursor and ligands (A) TTA series, (B) TA series.
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causing the antenna effect. Consequently, we can draw the
conclusion that intramolecular energy transfer occurs be-
tween the B-diketone modified unit and the Eu’* ion in the
hybrid materials; this conclusion will be further proven by
the emission spectra of the corresponding materials. Fig-
ure S3 shows similar results for the ultraviolet absorption
spectra of the TTASI' series.

Figure 3A shows selected FTIR spectra of three binary
hybrid xerogels with the TASi linkage with different inor-
ganic compositions and the pure europium complex of TA.
The high-frequency bands in the range 3400-1600 cm™! can
be ascribed to the stretching vibration of the O-H group.**!
The absorption peaks within the range 1050-1350 cm™!
originate from the stretching vibrations of the M—O-M and
M-O-M' bonds (M and M’ = Si, B, Ti).?* Unfortunately,
the distinction between M-O-M and M-O-M' is not
clearly shown. Furthermore, the peaks at about 1650 and
1560 cm™! originate from the CONH- group of the modi-
fied organic ligands.I?! The apparent band at 1380 cm™! in-
dicates the characteristics of NO;3 . In Figure 3B the IR
spectra of binary hybrid gels with different composite hosts
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Figure 3. Selected FTIR spectra of europium-centered hybrids with
the single-modified precursor (A) TAA series, (B) TTA series.
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is compared, which also shows a similar character to that
of the TA series. No apparent distinction can be observed
among the different composite M-O-M’' frameworks,
which suggests a homogeneous sol-gel process to form the
uniform hybrid systems.

Figure S4 show the selected room-temperature X-ray dif-
fraction patterns of the europium hybrid xerogels with sin-
gle-modified linkage TTASi and TASi from 10 to 70°.
There are no crystalline regions in these hybrid materials,
which is due to the presence of an organic moiety in the
host inorganic framework. From Figure S4, it can be seen
that the diffraction curves show similar broad peaks, with
angle 26 centered at about 21°, which is characteristic of
amorphous silica, titanium, and boron materials. This may
be attributed to the coherent diffraction of the amorphous
inorganic backbone of the hybrids or a periodic distance
because of the organic moiety. In addition, there are no
measurable amounts of phases corresponding to the pure
organic compound or free RE nitrate in these hybrid mate-
rials, which proves, to a certain extent, the formation of the
true covalent-bonded hybrid xerogels.

Differential thermogravimetric analyses (TGA) were per-
formed on part of the obtained materials in an N, atmo-
sphere. Figure 4 compares the selective TG traces of the
europium hybrid gels with the TTASI linkage with different
host compositions (Eu-TTASi-O-Si-O-M, M = Si, B, Ti).
These three samples show similar trends in weight loss and
three main degradation steps. There is slight weight loss
(approximately 4% for Eu-TTASi-O-Si-O-B, 6% Eu-—
TTASi-O-Si-O-Ti, 10% for Eu-TTASi—O-Si) in the first
step from 150 to 200 °C with a heat flow of about 170 °C.
This step may be ascribed to desorption of adsorbed water
and residual solvent DMF, which is an endothermic pro-
cess, as seen according to the DSC curves (not given). The
second mass loss (about 17% for Eu-TTASi—-O-Si1, 9% for
Eu-TTASi-O-Si-O-Ti, 8% for Eu-TTASi—O-Si—O-B) be-
tween 200 and 290 °C with a heat flow of about 246 °C
(as the fastest speed) could be attributed to the preliminary
decomposition of the TTA organic ingredients. As seen
from the TG curves, all the materials exhibit the biggest
weight loss in the third step (about 20% for Eu—-TTASi-O-
Si, 12% for Eu-TTASi-O-Si-O-Ti, 28% for Eu-TTASi-
0-Si-O-B) beyond 290 °C, which can be assigned to fur-
ther decomposition of the TTA organic ingredients and the
demolition of the inorganic frameworks. As is clearly ob-
served in the whole process, the thermal stabilities of all
these materials are improved relative to the organic ligand.
From their mass loss curves; we can conclude that the silica
and titanium/boron network (Si—O-Ti/B) is a better inor-
ganic matrix than the silica and silica network (Si—O-Si),
which is the result we wanted to achieve in these experi-
ments. Figure S5 shows a comparison between the represen-
tative europium hybrid gel Eu-TASi-O-Si-B and its pure
complex Eu-TA. In general, there is one main result caused
by introduction of the inorganic networks to the organic
complex: the thermal stabilities of all these hybrids are im-
proved relative to that of the pure complex Eu-TA. The
inorganic component provides a protective barrier against
882
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thermal degradation of the organic species. Further, Fig-
ure S5 also reveals that the thermal stability caused by dif-
ferent inorganic host networks differs.
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Figure 4. Selected thermogravimetry trace (TG) of the hybrid gels
Eu-TTASi-O-Si, Eu-TTASi-O-Si-O-B, and Eu-TTASi-O-Si—
O-Ti.

Figure 5 displays the scanning electron micrographs of
the representative lanthanide hybrid xerogels. These micro-
graphs demonstrate that homogeneous materials are ob-
tained with covalent bonds connecting the organic B-dike-
tone (TTA) group to the inorganic networks. The inorganic
and organic phases can exhibit their distinct properties to-
gether in the hybrid xerogels compared to the hybrids with
doped lanthanide complexes, which generally experience the
phase separation phenomena.?! Moreover, on the surface
of these materials, there are many granules, which are resid-
ual solvent or precursor material. It is interesting that the
regular and uniform dendritic striped microstructure ap-
pears on the surface of these materials. In the hydrolysis

——10 um

(€)

Figure 5. SEM images of the hybrid materials (A) Eu-TTASi-O-
Si-O-B, (B) Eu-TTASi-O-Si-O-Ti, (C) phen-Eu-TTASi-O-Si-
O-Ti).
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and condensation processes of silica and titanium/boron,
the coordination reaction acts together with the sol-gel pro-
cess, so it is seen from the final structure and morphology
that there is a homogeneous bulk trunk-type or tree-type
striped microstructure on the surfaces of each of these hy-
brid materials. We were interested in the unusual phenome-
non: there are many holes with different diameter sizes on
the surface of the hybrid xerogel shown in Figure SA. We
conjecture that there are two reasons for these holes: one is
the evaporation of the solvent (THF) through ageing and
the other is the largely different hydrolysis rate between
tetraethyl orthosilicate and tributyl borate. Moreover, as
seen from Figure 5C, ternary complexes show a similar mi-
crostructure, which reveals that the introduction of the sec-
ond ligand phen hardly affects the microstructure in these
hybrids.

All the materials were studied by diffuse reflectance spec-
troscopy to investigate the influence caused by the different
inorganic networks. The corresponding spectra are shown
in Figures S6 and S7. It is observed that all of the materials
exhibit a similar broad absorption band in the UV/Vis
range (200400 nm), which corresponds to a transition
from the ground state of the organic ligand to the first ex-
cited state (SO — S1). It is more specifically attributed to a
n—7* transition of the TTA or TA. According to Dexter’s
exchange energy transfer theory, which states that 1?7} the
luminescence intensity of the hybrid material rests with the
matching degree between the triplet-state energy of ligand
and the excited-state energy of lanthanide ion, we can pri-
marily predict that the energy level difference between TTA
or TA and Eu®" is such that the organic ligand can absorb
abundant energy in the UV/Vis range and transfer it to the
corresponding lanthanide ion. So we can conclude that the
final hybrid materials can be expected to exhibit excellent
luminescence properties, which is proven by the fluores-
cence spectra analysis.

We have investigated the luminescence behavior of all the
obtained lanthanide hybrids at room temperature. Figure 6
shows selected excitation spectra of the europium hybrids
with two B-diketone-functionalized linkages (TASi and
TTA series), which were obtained by monitoring the emis-
sion of the Eu" ions at 613 nm. It can be seen that all
these materials have similar excitation spectra, which are
dominated by broad bands from 220 to 400 nm with a
maximum peak at about 360 nm in the ultraviolet region.
These bands originate from the B-diketone modified Si—O-
M (M = Si, B, Ti) host with conjugated C=0O groups. For
the TASI series, the weak sharp excitation peak for the f—f
transition of Eu?* can be found at around 396 nm, while it
cannot be found in the excitation spectra of TTASI series.
It can therefore be predicted that the TTASI series may be
expected to have more effective luminescence than the TASi
series. The broad excitation bands are favorable for energy
transfer and luminescence of Eu’*. In addition, the hybrids
with the TTASI linkage show a similar excitation band to
that for the pure europium complex of the TTA ligand,
which suggests that modification of TTA does not have a
large influence on energy absorption. It is interesting to
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note that the hybrids with the composite host Si—-O-B show
a stronger excitation intensity than that for Si-O-Ti, even
stronger than that of the pure Si-O-Si host. Therefore Si—
O-B may be a candidate host for the luminescence for the
europium hybrids.

European Journal
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Figure 6. Excitation spectra of the europium hybrids with different
Si-O-M (M = Si, B, Ti) hosts with TASi and TTASI linkages.

The corresponding emission spectra are shown in Fig-
ure 7. We can observe strong red luminescence, which re-
veals that effective energy transfer takes place, and conju-
gated systems are formed between the ligands and the cen-
tral Eu* ions in these hybrids materials. The emission
bands of these samples in Figure 7A (Eu-TASi-O-Si-O-B,
Eu-TASi-O-Si-O-Si, Eu-TASi-O-Si-O-Ti) are assigned
to the °Dy—"F,, *Dy—"F;, °Dy—"F,, and *Dy—"F; transi-
tions at 578 (577, 579), 590 (589, 590), 615 (614, 613) and
650 (650, 652) nm, respectively, under excitation at a wave-
length of 360 nm. By comparing the spectra, it can be seen
that the luminescent intensity of Eu-TASi-O-Si-O-B is
slightly stronger than that of Eu-TASi—O-Si-O-Si and Eu-
TASi-O-Si-O-Ti  (Eu-TASi-O-Si-O-Ti possesses the
weakest intensity), which indicates that Eu-TASi—O-Si-O-
B is a good host for the luminescence of Eu’* as well as
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pure Eu-TASi—O-Si—O-Si systems. This can be interpreted
that substitution of Si by B still maintains a similar chemi-
cal environment of the whole hybrid host system, as B and
Si are located diagonally as elements of the periodic table
of elements and show similar features and chemical behav-
ior. This point can be verified from the sol-gel processes of
their alkoxy compounds.?®! Further, it can be observed that
there exists some bands in the short wavelength region
(450-550 nm), which can be ascribed to the emission of the
TA-modified Si-O-M framework. It is interesting to note
that the intensities of these three systems show the reverse
order to those of the Dy—’F, transition of Eu’*, which
suggests a different energy transfer between the TA-modi-
fied Si-O-M framework and central Eu**. Figure 7B pres-
ents the three hybrid systems with the TTASI linkage, which
shows similar results to those in Figure 7A. Moreover, a
comparison of the luminescence intensity of these hybrids
and that of the pure europium complex of the TTA ligand
is made, which shows that the intensity of the Eu-TASi—O-
Si—O-Ti hybrids is even lower than that of the pure com-
plex.
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Figure 7. Emission spectra of the europium hybrids with different
Si-O-M (M = Si, B, Ti) hosts with TASi and TTASI linkages.
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In the emission spectra of these hybrids, among all the
emission transitions, the most predominant transition is
SDy—"F, at about 615 nm, which corresponds to a typical
electric dipole transition and strongly varies with the local
symmetry of Eu**, while the Dy—’F, transition corre-
sponds to a parity-allowed magnetic dipole transition and
is independent of the host material. Therefore, the emission
spectra indicate that the Eu?* site is situated in an environ-
ment without inversion symmetry, which reveals that effec-
tive energy transfer takes place from the precursors to the
coordinated Eu®* ions.’”) The asymmetric microenviron-
ment will induce the polarization of Eu?* because of the
influence of the electric field of the ligand and the high
probability of the electric dipole transition. The non-sym-
metry and the intensities of the electric dipole transition
SDy—"F, increases with an increase in the interaction of
the rare earth complex with its local chemical environment,
so the relative intensity ratio (Ip./ly;) of the “Dy—"F/
SDy—F, transition has been widely used as an indicator of
the Eu’* site symmetry. The relative intensity ratio (1y»/Io;)
of the ’Dy—"F,/°’Dy—F, transition for these europium hy-
brids are summarized in Table 1. The hybrid with a pure
Si—O-Si host possesses the largest value, which indicates
that Eu®* is located in the most asymmetric environment.
In addition, we also synthesized the hybrids with the
TTASi' linkage from double modification of TTA. The
photoluminescence data are shown in Table 1. The relative
intensity ratios (lpo/I;) of Eu-TTASi—-O-Si-O-M are
lower than those of Eu-TTASi-O-Si-O-M, which suggests
that the double modification of the TTASi' linkage im-
proves the symmetry environment surrounding the Eu** ion
within the hybrid systems.

Table 1. The luminescence quantum efficiencies and lifetimes of
some hybrid xerogels.

Europium hybrids T/ 1™ 7 [us]® Aq [s] 7 [%]
Eu-TASi-O-Si-O-Si 6.5 460 409 18.8
Eu-TASi-O-Si-O-B 5.9 711 342 24.3
Eu-TASi-O-Si-O-Ti 4.4 426 291 12.4
Eu-TTASi-O-Si-O-Si 10.2 547 732 40.1
Eu-TTASi-O-Si-O-B 6.6 936 417 39.9
Eu-TTASi-O-Si-O-Ti 5.1 448 342 14.3
Eu-TTASi’'-O-Si-O-Si 8.6 632 514 32.5
Eu-TTASi'-O-Si-O-B 6.0 708 377 26.7
Eu-TTASi’-O-Si-O-Ti 4.6 277 310 8.6

[a] The integrated intensity of the Dy — ’F, emission peaks. [b]
The luminescence decay times of the Dy — ’F, transitions.

We measured the decay curves of these hybrid materials,
and then we selectively determined the emission quantum
efficiency (17) of the D, excited state from the emission
spectra and the lifetime of the first excited level (z, *Dy)
of Eu?*. By assuming that only nonradiative and radiative
processes occur in the depopulation of the Dy excited state,
we can define 7 as shown in Equation (1).[3%

n=AJA + Ay M

Here, A, and A4,,, are the radiative and nonradiative tran-
sition rates, respectively. By summing over the radiative
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rates, Ay, for each *Dy—"F, (J = 0-3) transition of Eu**,
A, can be obtained by Equation (2).

Ar = ZXAos = Aoo + Aoy + Aoz + Aos 2

Here, we neglect the branching ratio for the *Dy—7Fy4 5 ¢
transitions, whose corresponding emissions are not detected
experimentally and whose influence can be ignored in the
depopulation of the *D, excited state.’” It is well known
that *Dy—"F, belongs to the isolated magnetic dipole tran-
sition, and it therefore has nothing to do with the chemical
environment around the Eu** ion and can be considered as
an internal reference for the whole spectrum. We can calcu-
late 4, namely the experimental coefficient for spontane-
ous emissions according to Equation (3).5%

Aoy = Ao (Ao o) Vor/vos) @

Ag; 1s the Einstein’s coefficient of spontaneous emission
between the °D, and "F, energy levels and can be consid-
ered to have a value of 14.65 s! in vacuo. When an average
index of refraction n of 1.506 is considered, the value of Ay,
can be approximated to be 50s™! [Ag; = n*Ao1vacuum)-P"
Iy, are the emission intensities of the °D, — ’F, transitions
(J = 0-3), while vy, is the energy barrier and can be deter-
mined from the emission bands for the D, — ’F, emission
transitions of Bu?*.3!1 According to the literature,®! the
value of Ay, = 50 s°!, the lifetimes (1), and the radiative (A,)
and nonradiative (A,,) transition rates are related through
Equation (4).

TEXp = (Al' + Al"ll’)7] (4)

The quantum efficiencies of these hybrid materials are
worked out and shown in Table 1. As can be seen from the
equation to calculate the quantum efficiency (), the value
of  mainly depends on two factors: one is lifetime and the
other is the Iy,/Iy; ratio (red/orange ratio). If the lifetimes
and the red/orange ratios of certain hybrid materials are
large, its quantum efficiency must be high. As shown in
Table 1, the luminescence quantum efficiencies of the hy-
brids with a Si—O-B host show the highest values. In spite
of their lower Iy,/I,; ratios than those of the Si—O-Si host,
their luminescence lifetimes are longer than those of the
latter. For the hybrids with single modification linkages
TASi and TTASI, the hybrids with TTASI linkage show the
longer lifetimes and higher quantum efficiencies that those
of the hybrids with the TASI linkage. This is not surprising
as the thenoyl ring produces a larger conjugated system and
TTA is a superior ligand for Eu’* than TA. The Eu-
TTASiI'-O-Si—-O-M hybrids possess the shorter lifetimes
and lower quantum efficiencies than the corresponding Eu—
TTASi-O-Si-O-M hybrids. This further verifies that the
molecular linkage from single modification is more benefi-
cial for the luminescence of the final hybrids.

Conclusions

A series of luminescent organic-inorganic hybrids based
on the composite xerogels of silica and titanium/boron net-
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works [Si—-O-B(T1)] with the B-diketone-functionalized link-
ages (TASIi, TTASI, TTASi") were obtained. These materials
are homogeneous and no phase separation occurs, which is
due to the formation of the Si—-O-Si/Ti/B composite xero-
gels during the hydrolysis and polycondensation reactions
between the B-diketone polysilsesquioxane bridge and tetra-
ethyl orthosilicate/titanium butoxide/tributyl borate. The
photoluminescence properties of these hybrids were studied
and discussed in detail in terms of quantum efficiency, life-
times, and red/orange intensity ratios. Firstly, the hybrids
with the TTASI linkage show better photoluminescence
performance than that with TASi, as TTASI is a better link-
age (molecular bridge) for Eu®*. Secondly, the hybrids with
the single-modified TTA linkage (TTASI) present better lu-
minescence than those with the double-modified TTA link-
age (TTASI’), which suggests that single substitution is fa-
vorable for the luminescence of Eu?*. Thirdly, is the most
important, the hybrids of composite xerogels (Si-O-B) ex-
hibit comparable luminescence behavior to the hybrids of
pure Si-O xerogels, and both these exhibit a much more
superior luminescence behavior than the hybrids of Si-O-
Ti xerogels. This reveals that the hybrids based on Si-O-—
B xerogels will be promising candidates in many fields of
applications. The mechanism of how these different host
matrixes affect the luminescence properties in such hybrids
needs further deep investigation.

Experimental Section

Materials: Thenoyltrifluoroacetylacetone (TTA) and trifluoroacet-
ylacetone (TA) was purchased from Shanghai Chemical Plant, and
3-(triethoxysilyl)propyl isocyanate (TEPIC) was obtained from the
Lancaster Company. Tetraethyl orthosilicate, titanium butoxide,
and tributyl borate were available commercially and used without
purification. The solvents (THF, DMF) used were purified by com-
mon methods. Europium nitrate was obtained from the corre-
sponding oxide in concentrated nitric acid. Other starting (e.g.
NaH) reagents were used as received.

Synthesis of Precursors and Materials: The precursor TASi, TTASI,
and TTASI’ were prepared according to a known procedure®?! and
characterized by '"H NMR and FTIR spectroscopy. Here, we only
give TTA as an example: TTA (1.0 mmol) was dissolved in anhy-
drous tetrahydrofuran ( 20 mL) with stirring, followed by addition
of NaH (2mmol, 0.08 g). After 2h, TEPIC (1.2 mmol/0.28 g,
2.5 mmol/0.56 g) was added dropwise into the solution; the reac-
tion lasted for 8 h. The whole mixture was heated at reflux at 65 °C,
and all synthetic manipulations were performed under an atmo-
sphere of argon in a three-necked bottle containing a magnetic stir-
rer. Finally, after isolation and purification, a yellow oily liquid
product was obtained.

TASi: (M,,: 401.28, yield: 0.23 g, 57%). C;sHsF3NOgSi (401.45):
caled. C 44.90, H 6.48, N 3.49; found C 46.15, H 6.22, N 3.25. 'H
NMR: 6 = 1.89 (s, 3 H, CH3), d = 5.39 (s, | H, CH), 6 = 2.29 (m,
1 H, NH), 6 = 3.1 (m, J = 6.8 Hz, 2 H, CH,), 0 = 0.61 (t, J =
8.4Hz, 2 H, CH,), 06 = 3.80 (m, / = 7.2 Hz, 6 H, CH,), J = 1.19
(t, J = 6.8 Hz, 9 H, CH3) ppm.

TTASi: (M,: 468.54, yield: 0.29g, 62%). C gHogF3NOSSi
(469.55): caled. C 46.07, H 5.54, N 2.98; found C 46.20, H 5.23, N
2.81. '"H NMR: 6 = 7.58 (d, 3.8 Hz, 2 H), 6 = 6.9 (t, J = 5.0 Hz, 2
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H),0=735(d,J=4.6Hz 2 H),0=227 (m, 1 H, NH), 0 = 3.13
(m, J = 6.8 Hz, 2 H, CH,), 6 = 0.62 (t, J = 8.2 Hz, 2 H, CH,»), 0 =
3.76 (m, J = 7.2 Hz, 6 H, CH,), 0 = 1.25 (t, J = 8.6 Hz, 9 H, CHj;)
ppm.

TTASI': (M,: 714.9, yield: 0.43g, 61%). C,ysH47F3N>0,0Si,
(648.82): calcd. C 46.94, H 6.56, N 3.91; found C 47.12, H 6.36, N
3.77. '"H NMR: 6 = 7.50 (d, 3.6 Hz, 2 H), = 6.94 (t, J = 4.8 Hz,
2 H),0=1731(d,J=48Hz 2 H),o =221 (m, 2 H, NH), § =
3.12 (m, J = 6.8 Hz, 4 H, CH,), 0 = 0.6 (t, J = 8.4 Hz, 4 H, CH,),
0=378 (m, J=72Hz 12 H, CH,), 0 = 1.20 (t, J = 8.8 Hz, 18
H, CH3) ppm.

The eventual hybrid materials were prepared as follows: an appro-
priate amount of TTASi (TASi, TTASi’) was introduced into N,N-
dimethyl formamide (DMF) with stirring. A stoichiometric
amount of Eu(NO;);:6H,O was then added to the solution. After
2 h, a corresponding amount of tetraethyl orthosilicate was added,
and the mixture was then stirred for 8 h vigorously at room tem-
perature to obtain a single phase, which was transferred to an 80 °C
oven for 5d. The product was then removed and ground into a
powder that was used for optical characterization studies. The mol
ratio of Eu(NO3);:6H,O/TTASi (TASi, TTASi')/TEOS/H,O is
1:3:12:48. Using the same method, we synthesized hybrids with the
Si—O-B composite host by employing tributyl borate instead of tet-
raethyl orthosilicate. Titanium butoxide replaced tetraethyl ortho-
silicate in the preparation of the hybrids with the Si-O-Ti compos-
ite host. However, after titanium butoxide was added, the polycon-
densation reaction could not take place evenly because of the much
faster hydrolysis rate of titanium butoxide. Therefore, it is impor-
tant that it be added by drops in batches. The detailed synthetic
procedure and the possible structure predicted of the hybrid materi-
als are shown in Figure 1.

Measurements: '"H NMR spectra were recorded in CDCl; on a
BRUKER AVANCE-500 spectrometer with tetramethylsilane
(TMS) as internal reference. FTIR spectra were obtained within
the 4000-400 cm ! region on an infrared spectrophotometer with
the KBr pellet technique. The ultraviolet absorption spectra (using
chloroform as solvent) were taken with an Agilent 8453 spectro-
photometer. The UV/Vis diffuse reflectance spectra were acquired
by a BWS003 spectrophotometer. The X-ray powder diffraction
patterns were recorded on a Bruker DS diffractometer (40 mA,
40 kV) by using monochromated Cu-K,,, radiation (1.54 A) over
the 260 range 10-70°. Thermogravimetric (TGA) curves were mea-
sured with a Netzsch instrument, model STA 409C, under nitrogen
atmosphere in Al,Oj3 crucibles at a rate of 10 °C/min from 30 to
1000 °C. The luminescence excitation and emission spectra were
obtained on a RF-5301 spectrophotometer. Luminescence lifetime
measurements were carried out on an Edinburgh FLS920 phos-
phorimeter by using a 450-W xenon lamp as the excitation source.
The microstructures were checked by scanning electronic micro-
scopy (Philips XL30).

Supporting Information (see footnote on the first page of this arti-
cle): Scheme of the synthesis process of the hybrids with TASi and
TTASI" linkages, FTIR spectra of the linkages, selected UV/Vis
absorption spectra of TTASi" and the hybrids, X-ray diffraction
patterns of the hybrids with TASi and TTASi, and UV/Vis diffuse
reflection absorption spectra of the hybrid materials.
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