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Abstract
Functionalized silica gel organic–inorganic hybrid materials based on covalently grafted lanthanide coordinations onto 
organosilicone have been the subject of intense study due to their superior physicochemical properties. However, it cannot 
be assumed that all the primary guest molecules can be directly covalent-grafted onto the host that prevents H2O molecules 
from coordinating with the central ion; the introduction of a medium could be useful in this regard. In the present work, 
a medium β-cyclodextrin (β-CD) was employed, and by sol–gel and molecular assembly processes, immobilization of a 
europium–β-CD inclusion on silica and the preparation of a novel fluorescent polymeric hybrid material β-CD–TESPIC–
TTA–Eu were achieved. This research shows that β-CD can prevent the H2O molecules from coordinating with the central 
ion Eu3+ (inclusion). The novel hybrid material has an amorphous and homogeneous network surface and exhibits excellent 
film-forming properties, bright-red light emission that is dominated by the 5D0 → 7F2 transition of Eu3+, and a lifetime of 
0.44 ms.
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1  Introduction

In the past few decades, research groups have incorporated 
lanthanide complexes into organosilicone to overcome the 
physicochemical disadvantages of luminescent rare earth 
complexes, by preparing a series of outstanding so-called 
organic–inorganic host–guest silica gel hybrid materials 
[1–5]. Among these advances, the direct covalent grafting of 
a primary ligand onto an inorganic host matrix can be con-
sidered a superior approach [6–8]. However, several prob-
lems remain regarding this approach. One cannot assume 
that all the primary ligands can be directly covalent-grafted 
onto the host matrix; H2O molecules might need to be pre-
vented from coordinating with the central coordination ion.

β-Cyclodextrin (β-CD) has a “bucket-shaped” appear-
ance (Fig. 1) with a hydrophobic inner cavity, which shows 
a remarkable ability to form host–guest inclusion complexes 
[9, 10]. The active group –OH of β-CD can react with the 
–NCO of organosilicone to construct a series of multifunc-
tional precursors [11–13], which might be able to efficiently 
solve the above issue.

Based on these considerations, in this paper, we present 
a novel path to tether lanthanide complexes onto Si–O–Si 
composite matrices by employing β-CD. The hydroxyl of 
β-CD reacted with the –NCO of the 3-isocyanatopropyl-
triethoxysilane (TESPIC) to create the precursor host. The 
guest lanthanide complexes (between 2-thenoyltrifluoroac-
etone and europium) were inserted into the β-CD cavity to 
form europium β-CD inclusions. Then, the hybrid material 
based on Si–O–Si composite matrices were finally obtained 
via the sol–gel and molecular assembly approaches. The 
resulting hybrid material was characterized, and the lumi-
nescence properties were studied in detail.
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2 � Experimental

2.1 � Materials

Analytical-grade europium oxide, hydrochloric acid, 
absolute alcohol, and N,N-dimethylformamide (DMF) 
were purchased from Tianjin Chemical Co. Ltd, and 

utilized without further purification. 2-Thenoyltrif-
luoroacetone (TTA; 98%), β-cyclodextrin (β-CD; 98%), 
3-isocyanatopropyltriethoxysilane (TESPIC; 95%), and 
ammonium hydroxide (25%) were purchased from Beijing 
HWRK Chemical Co. Ltd. and used as received. A EuCl3 
(0.1 mol/L) ethanol solution was obtained by dissolving 
Eu2O3 in an ethanol solution.

Fig. 1   Synthesis schematic and the predicted structure of β-CD–TESPIC–TTA–Eu
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2.2 � Synthesis of β‑CD–TESPIC–TTA–Eu

The entire reaction procedure was conducted in an argon 
atmosphere (Fig.  1). Typically, TESPIC (1  mmol) was 
added dropwise with stirring into the mixture (1.0 mmol 
β-CD, 20 mL DMF), and the mixture was heated to 70 °C to 
reflux for 7 h to obtain β-CD–Si. After preparing β-CD–Si, 
1.0 mmol TTA and 0.34 mmol of EuCl3 were injected into 
the β-CD–Si reaction system. The resulting mixture was kept 
at 70 °C to reflux for an additional 5 h to synthesize the 
host–guest inclusions. Then, hydrochloric acid was added 
dropwise into the reaction system and refluxed for 3 h 
(sol–gel process). The obtained sample was vacuum dried 
at 50 °C and denoted as β-CD–TESPIC–TTA–Eu.

2.3 � Characterization

Fourier transform infrared (FT-IR) absorption spectra were 
measured using a FT-IR Equino x22 Bruker spectrometer 
in the range 4000–400 cm−1. In one experimental condi-
tion, namely, at a voltage of 45 kV and an electric current 
of 100 A, the X-ray powder diffraction (XRD) patterns 
were obtained in the 2θ range 5°–90° using a Japan Rigaku-
Dmax 2500 X-Ray diffractometer with CuKα radiation 
(λ = 0.1541844 nm) at a scan rate of 100/min. The morphol-
ogy of the sample was examined using a scanning electron 
microscope (SEM; FEI Nova Nano SEM450) at an accelera-
tion voltage of 15 kV. Thermal gravimetric analysis (TGA) 
was performed using a Thermal Analysis SDT2960 appa-
ratus under a nitrogen atmosphere. The temperature range 
for heating was 30–1000 °C, and the heating rate was 10 °C 
min−1 in nitrogen. The steady-state luminescence spectra 
and lifetime measurements were recorded with an Edinburgh 
FS920P near-infrared spectrometer with a 450-W xenon 
lamp as the steady-state excitation source.

3 � Results and Discussion

3.1 � Infrared Spectroscopic Analysis

The hybrid materials are part of a complicated system; how-
ever, it is possible to monitor the reaction process based 
on functional groups. The FTIR spectra of β-CD, TESPIC, 
β-CD–TESPIC, and β-CD–TESPIC–TTA–Eu are shown in 
Fig. 2. The adsorption bands at 3377, 2927, 1646, 1158, 
and 1031 cm−1 emerged, which separately correspond to 
the stretching vibration of –OH, –CH2–, the glucose ring, 
and C–O–C in the β-CD [14, 15]. The adsorption bands at 
1663 and 1554 cm−1 are assigned to the C=O stretching and 
N–H bending vibrations of the amide bond, respectively. 
The stretching vibration peaks at 2276 cm−1 for O=C=N 
from TESPIC disappeared in the case of β-CD–TESPIC, 

indicating the completion of the grafting reaction; in other 
words, TESPIC was successfully grafted onto β-CD. Fur-
thermore, in the spectrum of β-CD–TESPIC–TTA–Eu, the 
adsorption bands assigned to the C=O stretching and N–H 
bending vibrations shift to 1655 and 1539 cm−1, and the 
typical C–Si and Si–O–Si stretching vibrations appear at 
about 1191 and 1142 cm−1, respectively, which confirm 
the completion of sol–gel polycondensation and molecular 
assembly [16].

3.2 � Powder X‑ray Diffraction and Scanning Electron 
Microscopy Analysis

As shown by the XRD pattern, the hybrid material 
β-CD–TESPIC–TTA–Eu is amorphous (Fig. S1). The sur-
face morphology of the obtained hybrid material was stud-
ied using SEM. The SEM image (Fig. 3) reveals that the 
hybrid is composed of a compacted network. The uniform 

Fig. 2   FTIR spectra of β-CD, TESPIC, β-CD–TESPIC, and β-CD–
TESPIC–TTA–Eu

Fig. 3   SEM image of β-CD–TESPIC–TTA–Eu
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frameworks on the surface suggest that a homogeneous 
molecular-based material was obtained because of strong 
covalent bonds in the Si–O–Si networks (via molecular 
assembly) that belong to a complicated and large molecular 
system.

3.3 � TG/DTG Curves

Thermogravimetric analysis of β-CD–TESPIC–TTA–Eu was 
carried out (Fig. 4). The overall thermal treatment process 
can be divided into four stages as the temperature increases.

From 30 to 100 °C, a thermal decomposition peak center 
at 80 °C and weight loss of approximately 2.4 wt% are seen, 
which can be ascribed to the release of residual ethanol 
from the β-CD–TESPIC–TTA–Eu surface. From 100 to 
450 °C, the weight loss was approximately 44.5 wt% and 
a strong thermal absorption decomposition peak (center at 
250 °C) can be observed on the DTG curves of β-CD–TES-
PIC–TTA–Eu, which is attributed to the decomposition of 
β-CD rings and carbon chains [17] and exposure of TTA–Eu 
to the hot environment. From 450 to 610 °C, the weight loss 
was approximately 16.4 wt% and a broad thermal absorption 
decomposition peak (peak center at 510 °C) can be observed, 
which indicates that the fluorescent TTA–Eu complex was 
damaged [18]. When the temperature was above 610 °C, the 
TG/DTG curves of the hybrid materials were parallel.

The results of the analysis show that water molecules 
are not present and that the β-CD ring can prevent them 
from coordinating with the (inclusion) central ion Eu3+ and 
avoiding fluorescence quenching because of the –OH group 
vibration.

3.4 � Optical Properties of β‑CD–TESPIC–TTA–Eu

The luminescence properties of β-CD–TESPIC–TTA–Eu 
were studied. The characteristic excitation and emission 

spectra of the hybrid material are presented in Fig. 5. The 
excitation spectrum for the hybrid material was obtained by 
monitoring the most intense 5D0 → 7F2 transition of Eu3+ 
at 612 nm. The excitation spectrum shows a broad band 
from 240 to 460 nm with a center peak at 381 nm, which is 
ascribed to the organic ligand π–π transitions, and a much 
weaker peak at 468 nm, corresponding to the 7F0 → 5D2 tran-
sition of Eu3+; this indicates that the process of obtaining 
the Eu3+ excited state via the excitation of the organic ligand 
is much more efficient than the direct excitation of the Eu3+ 
energy level.

For excitation in the ligand absorption band (381 nm), 
only the characteristic emission lines arising from the 
5D0 → 7Fj (j = 0,1, 2, 3, and 4) transitions of Eu3+ were 
observed; no broad emission band from organic ligands in 
the blue region was detected, indicating that effective energy 
transfer could occur from the ligands to central Eu3+. In 
addition, the red emission at 612 nm from the electronic 
dipole transition 5D0 → 7F2 has the strongest intensity. The 
calculated intensity ratio I2/I1 of the 5D0 → 7F2 and 5D0 → 7F1 
transitions of Eu3+ indicates that the Eu3+ site is situated in 
an environment without inversion symmetry, implying the 
coordination bond formation between Eu3+ and TTA [6–8]. 
The hybrid material β-CD–TESPIC–TTA–Eu is liquid at 
room temperature. We evenly applied a sample on quartz 
glass, obtained a continuous, unbroken, uniform, and trans-
parent thin film. The sample and film emit a bright red lumi-
nescence upon radiation with ultraviolet light at 254 and 
365 nm (Fig. S2).

The luminescence decay curve of the 5D0 state for 
β-CD–TESPIC–TTA–Eu is fitted with single exponen-
tials (Fig.  6). The 5D0 excited-state lifetime of Eu3+ in 
β-CD–TESPIC–TTA–Eu was determined to be 0.44 ms; 

Fig. 4   TG/DTG curve of β-CD–TESPIC–TTA–Eu with a heating rate 
of 10 °C min−1 in a nitrogen atmosphere

Fig. 5   Excitation (dotted line) and emission (solid line) spectra of the 
hybrid β-CD–TESPIC–TTA–Eu material



1298	 Journal of Inorganic and Organometallic Polymers and Materials (2018) 28:1294–1298

1 3

this is much longer than the lifetime of [Eu(TTA)3]·2H2O 
(t = 0.333 ms) [6–8]. It is possible that (a) the hydrophobic 
inner cavity of β-CD hinders H2O molecules from coordi-
nating with the Eu ions, (b) the relatively rigid structure of 
silica gel limits prohibitive nonradiative transitions, and (c) 
the leaching of the photoactive molecules and clustering of 
the emitting centers could be avoided.

4 � Conclusion

In summary, by employing β-CD as the medium and immo-
bilizing the europium β-CD inclusions in silica, we devel-
oped a novel method to assemble a luminescent lanthanide 
organic–inorganic hybrid material based on the compos-
ite matrices of Si–O–Si networks. This method was real-
ized using the hydroxyl group of β-CD that reacted with 
the –NCO of TESPIC, inserting lanthanide complexes 
[Eu(TTA)3] into the β-CD cavity and resulting in sol–gel 
polycondensation and molecular assembly. The obtained 
material possesses a uniform microstructure and exhib-
its excellent fluorescence performance and film-forming 
properties, which suggests that it may be applied in optical 
devices. In addition, this facile strategy to tether lanthanide 
complexes to organic–inorganic Si–O–Si networks may be 

used to prevent the guest molecule from being directly cova-
lently grafted onto the host.
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