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ABSTRACT: In this work, Eu(Pht);Phen/SBA-15 hybrids were prepared by solution mixing and their morphologies and structures
were characterized by X-ray diffraction (XRD), scanning electronic microscopy (SEM), nitrogen adsorption—desorption and transmis-
sion electronic microscopy (TEM). The results showed that Eu(Pht);Phen was successfully incorporated into the channels and
assembled onto the surface of SBA-15 and the long range ordered structure of SBA-15 was preserved. The silicone rubber composites
with Eu(Pht);Phen/SBA-15 hybrids were obtained by mechanical blending, and their morphologies and photoluminescence properties
were studied. The results showed that the photoluminescence intensities of the composites with the hybrids increased as the content
of the hybrids increased. The composite with the hybrids showed higher photoluminescence intensity and longer lifetime compared
to the silicone rubber compounded with Eu(Pht);Phen (Eu(Pht)sPhen/silicone rubber composite), Eu(Pht);Phen and SBA-15
([Eu(Pht);Phen+SBA-15]/silicone rubber composite). Judd-Ofelt theory was used to investigate the local environment of Eu’" ions
in the silicone rubber composites. The photoluminescence quantum efficiency of the silicone rubber composite with Eu(Pht);Phen/
SBA-15 hybrids was calculated to be 31.0%, higher than that of Eu(Pht);Phen/silicone rubber composite (26.4%) and
[Eu(Pht);Phen+SBA-15]/silicone rubber composite (25.4%). The enhancement in photoluminescence intensity and increase in life-
time and photoluminescence quantum efficiency could be attributed to the rigid structure of SBA-15 which reduced the nonradiative
transition rate and the improvement of the dispersion of the hybrids in the composites. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci.
000: 000000, 2012
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INTRODUCTION fer from ligand to metal ions.'* Xu et al. reported the incorpo-
ration of rare earth complexes into the surface-modified
mesoporous MCM-41 by hydrogen-bonding, which found that
the incorporated rare earth complexes showed higher UV stabil-
ity and longer lifetime compared to the pure complexes.'"” Com-
pared with MCM-41, SBA-15, first synthesized by Zhao et al.,'”
was characterized of much larger pore size (up to 30 nm),

thicker wall, and better stability,'>'® which made it a promising

Rare earth complexes have found potential applications in dis-
play, biomedical molecular probes and light emitting materials'™
due to their distinct photoluminescence properties of strong lu-
minescence intensity, long lifetime, large Stokes shift, and sharp
emission profile.>” It was well established that the dispersion of
rare earth complexes had played a vital role in the
photoluminescence properties.® Rare earth complex/inorganic

material hybrids have attracted much attention because of the
improvement in the dispersion of rare earth complexes in the
matrix.””® Mesoporous silica materials possessed advantages of
great surface area, rigid framework and long range ordered
structure, making them promising hosts for rare earth com-
plexes.'™* The rigid framework could both protect and stabi-
lize the rare earth complexes.® Therefore, photostability under
UV radiation, lifetime, and photoluminescence quantum effi-
ciency could be improved owning to the enhanced energy trans-
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host for rare earth complexes.

The rare earth complex/polymer composites with photolumines-
cence properties have been widely studied since that they not
only possessed distinct photoluminescence properties but also
with excellent processing ability, chemical stability, and mechan-
ical strength,’” which made them possible applications in dis-
play, probes, and laser materials.'® Liu et al. reported the prepa-
ration and luminescent properties of cured and uncured
samarium tris-(2-thenoltrifluoroacetone)-1, 10-phenanthroline/
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nitrile rubber, which found that the luminescent intensity of
cured composite was stronger than that of the uncured one
because of the stabilization effect of the crosslinking network
structure.'” Wen et al. synthesized Sm(TTA),(AA)(Phen) and
prepared the Sm’* complex/HXNBR (hydrogenated carboxy-
lated nitrile butadiene rubber) composite by in situ reaction
and found that the cured composites exhibited higher photolu-
minescence intensity and longer photoluminescence lifetime
compared to the uncured composites.'® However, the prepara-
tion and photoluminescence properties of polymer composites
compounded with rare earth complex/mesoporous material
hybrids were rarely studied. While most of the studies focused
on the photoluminescence intensity, few studies paid attention
to the lifetime and photoluminescence quantum efficiency of
the rare earth complex/polymer composites which were essential
for the applications of the polymer composites.

Herein, Eu(Pht);Phen and SBA-15 were synthesized and
Eu(Pht);Phen/SBA-15 hybrids were prepared by solution mixing
of Eu(Pht);Phen and SBA-15. Their morphologies and struc-
tures were characterized by XRD, nitrogen adsorption—desorp-
tion, SEM, and TEM. The silicone rubber composites with
Eu(Pht);Phen/SBA-15 hybrids were prepared by mechanical
blending of various contents of Eu(Pht);Phen/SBA-15 hybrids
with silicone rubber. Silicone rubber composites containing
Eu(Pht);Phen  (Eu(Pht)sPhen/silicone  rubber  composite),
Eu(Pht);Phen and SBA-15 ([Eu(Pht);Phen+SBA-15]/silicone
rubber composite, which were prepared by direct mechanical
blending of Eu(Pht);Phen and SBA-15 separately), were also
prepared by the same method for comparison. The morpholo-
gies and photoluminescence properties of the composites were
investigated. Judd-Ofelt theory was used to investigate the local
environment of the Eu’" ions in the composites, and photolu-
minescence quantum efficiency was also calculated.

EXPERIMENTAL

Materials

Silicone rubber (110-2, ethylene group content 0.13-0.20%, vol-
atile component less than 0.25%) was produced from East Asia
Polymer Materials Plant, Jilin, China. Europium oxide (Eu,Os,
99%) was purchased from Shanghai Yuelong Rare Earth New
Materials, China. Poly(ethylene glycol)-b-poly(propylene glycol)-
b—poly (ethylene glycol) (Pluronic P123, M,, = 5800) was sup-
plied by Sigma-Aldrich (Shanghai) Trading Co. Ltd. 1,10-phe-
nanthroline  (1,10-Phen), potassium hydrogen phthalate
(KHPht), dicumyl peroxide (DCP, analytical reagent grade) and
tetraethoxysilane (TEOS) were supplied Sinopharm Chemical
Reagent Co. Ltd., China. All the agents were used as received.

Preparation of Eu(Pht);Phen/SBA-15 Hybrids

Eu(Pht);Phen was synthesized through the reaction of EuCls,
1,10-Phen, and KHPht in a molar ratio of 1:1:3. 10 mmol of
Fu,0s5, 18 mL of HCI, and 18 mL of H,O were mixed at 85°C
with magnetic stirring for 3 h, followed by continued heating to
remove the remaining HCL Then, 60 mmol of KHPht, 30 mL
of ethanol, and 30 mL of H,O were added to the solution and
reacted for 1 h. After that, 20 mmol of 1,10-Phen, 18 mL of
ethanol, and 18 mL of H,O were mixed with the solution and
reacted for 8 h. After the above mixture was cooled to room
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temperature, ammonia water (35 wt. %) was added to the solu-
tion to adjust the pH to 6-7 for precipitation, followed by fil-
tration and extensive washing with water and ethanol. The
product was dried at 80°C in vacuum oven.

6.0 g of P123 was dissolved in 45 mL of deionized water and
180 mL of 2 mol/L HCI solution with magnetic stirring at 40°C
for 3 h. Then 13.0 g of TEOS was added into the above solution
with stirring at 40°C for 24 h. The mixture was aged at 90°C
for 24 h without stirring. The product was collected by filtra-
tion, washed with deionized water and ethanol for several times.
Removal of the copolymer surfactant P123 was conducted by
Soxhlet extraction with ethanol for 24 h. The product was dried
at 100°C under vacuum for 12 h.

2.0 g of Eu(Pht);Phen was completely dissolved in 80 mL of N,
N-dimethyl formamide (DMF) to yield a transparent solution.
4.0 g of SBA-15 was dispersed in 200 mL of ethanol with the
aid of ultra-sonication for 1 h. The Eu(Pht);Phen/DMF solution
was added to the SBA-15/ethanol solution and sonicated for 1 h
at room temperature. Then, DMF and ethanol were evaporated
to achieve Eu(Pht);Phen/SBA-15 hybrids.

Preparation of the Silicone Rubber Composites

The silicone rubber composites, which contained 6, 12, 18, 24,
and 30 phr (parts per hundred rubber) of Eu(Pht);Phen/SBA-
15 hybrids, were prepared by blending silicone rubber with
Eu(Pht);Phen/SBA-15 hybrids on a two-roll mill at room tem-
perature, and were then cured at 160°C for 6 min under the
pressure of 10 MPa. The silicone rubber composites containing
2, 10 phr of Eu(Pht);Phen, 2 phr of Eu(Pht);Phen and 4 phr of
SBA-15, 10 phr of Eu(Pht);Phen and 20 phr of SBA-15, were
also prepared by the same method for comparison.

Characterizations

The Fourier transform infrared spectra (FT-IR) were obtained
by a Perkin—Elmer spectrum 100 spectrometer carried out in a
range of 4000-400 cm ™' at a resolution of 4 cm™'. Samples for
powder were prepared using the KBr pellet method.

X-ray diffraction (XRD) patterns were recorded on an X-ray
diffractometer (SA-HF3, Rigaku, Japan) with Cu Ko radiation
(wavelength 0.154 nm), 40 kV and 20 mA, in transmission
mode at a scan rate of 1°/min over the range 0.6-6° (20).

Transmission electronic microscope (TEM) measures were con-
ducted on a JEM-2100 analytical microscope operated at an
accelerating voltage of 200 kV.

Scanning electronic microscope (SEM) characterizations were
measured on a JEOL JSM-7401F electron microscope operated
at 1 kV.

Nitrogen adsorption—desorption isotherms were measured at 77
K, using a Quantachrome Nova 4200E instrument. The surface
area was obtained according to the Brunauer—-Emmett—Teller
(BET) method, and the pore volume was evaluated by the
Barett—Joyner—Halenda (BJH) method. Before the test, the sam-
ples were outgassed at 80°C for 5 h.

The refractive index of the silicone rubber was obtained using a
variable angle spectroscopic ellipsometer (W-VASE with
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Figure 1. FTIR spectra of Eu(Pht);Phen (a), SBA-15 (b), and

Eu(Pht);Phen/SBA-15 hybrid (c). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

AutoRetarder, J.A. Woollam Corp., U.S.). The data were col-
lected in the range of 460-760 nm at 5-nm intervals.

Photoluminescence properties of the composites were measured
at room temperature on a PTI QM/TM/IM steady-state and
time-resolved fluorescence spectrofluorometer. The emission
spectrum was monitored from 550 to 730 nm using an excita-
tion wavelength of 265 nm. The slit width for both the excita-
tion and emission were 1 nm. The decay curves of the compo-
sites were measured by monitoring at 615 nm from 0 to 3500
ls scanning for five times. The samples for testing were pre-
pared to a circle sheet which was 1 mm thick and 2 cm in
diameter.

RESULTS AND DISCUSSION

Characterizations of SBA-15 and Eu(Pht);

Phen/SBA-15 Hybrids

Figure 1 shows the FTIR spectra of the Eu(Pht);Phen, SBA-15,
and Eu(Pht);Phen/SBA-15hybrid. In Figure 1(a), the adsorption
band at 1712 cm ™' was ascribed to v,(C=0), which confirmed
the existence of carboxyl groups COO-. Two peaks at 1550 and
1446 cm™' appear in the spectra of Eu(Pht)sPhen, which was
assigned to the asymmetric and symmetric vibrations of car-
boxyl groups v,; (OCO) and v, (OCO), indicating the successful
coordination between the oxygen atom of COO- and the Eu’*
ions.”® Besides, the benzene ring at 1412 ¢cm™' suggested that
1,10-Phen participated in the coordination reaction.”' In Figure
1(b), the composition of the SBA-15 was proved by the peaks at
1083 cm (v, Si—0), 800 cm '(v, Si—O), and 470
cm 1(8, Si—0—Si).** In Figure 1(c), peaks which belong to the
Eu(Pht);Phen and SBA-15 were still present in the spectrum of
Eu(Pht);Phen/SBA-15 hybrid, which demonstrated the success-
ful preparation of Eu(Pht);Phen/SBA-15 hybrid.

Figure 2 displays the XRD patterns of SBA-15 and Eu(Pht);Phen/
SBA-15 hybrids. Three peaks, (100), (110), and (200), of SBA-15
were still present in the pattern of Eu(Pht);Phen/SBA-15 hybrids,

MAh\Tlfu’s WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

ARTICLE

which demonstrated that the introduction of Eu(Pht);Phen did
not affect the mesoporous structure of SBA-15 and the long
range ordered structure of SBA-15 was preserved.'"** The decline
in diffraction intensity after the introduction of Eu(Pht);Phen
might be due to the decrease of mesoscopic order of SBA-15 and
the contrast matching between the framework of SBA-15 and the
organic part of Eu(Pht);Phen.”

SEM and TEM characterizations were carried out to investigate
the morphologies and structures of SBA-15 and Eu(Pht);Phen/
SBA-15 hybrids. Figure 3 shows the TEM images of SBA-15 and
Eu(Pht);Phen/SBA-15 hybrids, indicating that the mesoporous
structure of the SBA-15 has been preserved after the introduc-
tion of Eu(Pht);Phen, which was in agreement with the XRD
data. Compared with SBA-15, as shown in the Figure 3(b),
some irregular particles, which was indicated in the figure, were
found on the surface of SBA-15 and the channels became dim,
which was because that the Eu(Pht);Phen was incorporated into
the channels and assembled onto the surface of SBA-15.

Figure 4 displays the SEM images of SBA-15 and Eu(Pht);Phen/
SBA-15 hybrids. As compared to SBA-15, Eu(Pht);Phen/SBA-15
hybrids had a slightly bigger diameter and much rougher sur-
face as indicated in the figure, which suggested that
Eu(Pht);Phen was assembled onto the surface of the SBA-15.%*
The results were consistent with the corresponding TEM images
in Figure 3.

The nitrogen adsorption—desorption isotherms of SBA-15 and
Eu(Pht);Phen/SBA-15 hybrids were present in Figure 5. Both of
the two samples displayed type IV isotherm curves with an H1
hysteresis at high relative pressure, characteristic of highly or-
dered mesoporous materials,'® suggesting that the introduction
of Eu(pht);Phen did not affect the mesoporous structure of
SBA-15, which was in agreement with the XRD and TEM data.
The surface area of Eu(Pht);Phen/SBA-15 hybrids was 298 m*
g ! calculated by BET model, much lower than that of SBA-15
(691 m? gfl). Besides, the total pore volume was decreased
from 0.83 cm® g~* of SBA-15 to 0.42 cm® g~ of Eu(Pht);Phen/
SBA-15 hybrids. Both the decreases in BET area and pore
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Figure 2. XRD patterns of SBA-15 and Eu(Pht);Phen/SBA-15 hybrids.
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Figure 3. TEM images of SBA-15 (a), and Eu(Pht);Phen/SBA-15 hybrids
(b).

volume indicated that Eu(Pht);Phen was incorporated into the
channels and assembled onto the surface of SBA-15.2%

Morphological Characterization of Silicone

Rubber Composites

The dispersion, morphologies and structures of Eu(Pht);Phen,
SBA-15, and Eu(Pht);Phen/SBA-15 hybrids in the silicone rub-
ber matrix were characterized by SEM. As shown in Figure 6(a),
obvious phase interface was observed between Eu(Pht);Phen
and silicone rubber matrix, suggesting the weak interfacial inter-
action between them, thus leading to a poor disperse state of
Eu(Pht);Phen in the matrix. Besides, the dimensions of the
nanoparticles were pretty big and the size distribution was also
not uniform, which were indicated in the figure. Figure 6(b)
exhibits obvious aggregations of the Eu(Pht);Phen and SBA-15
in the silicone rubber matrix (showed in the figure with an
arrow), indicating that Eu(Pht);Phen and SBA-15 were not dis-
persed well in the matrix. Compared with the Figure 6(a, b),
there was no obvious aggregation of Eu(Pht);Phen/SBA-15
hybrids in silicone rubber matrix in Figure 6(c). As discussed
above, Eu(Pht);Phen complexes were successfully incorporated
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Figure 4. SEM images of SBA-15 (a) and Eu(pht);Phen/SBA-15 hybrids
(b).
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Figure 5. Nitrogen adsorption spectra of SBA-15 (a) and Eu(Pht);Phen/
SBA-15 hybrids (b).
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Figure 6. SEM images of Eu(Pht);Phen/silicone rubber composite (a-2 phr), [Eu(Pht);Phen+SBA-15]/silicone rubber composite (b-2 phr), and silicone
rubber composites with Eu(Pht);Phen/SBA-15 hybrids (c-2 phr, d-6 phr, e-10 phr); All referred to the content of Eu(Pht);Phen.

into the channels and assembled onto the surface of SBA-15,
the well-dispersed state of the hybrids also meants that
Eu(Pht);Phen were uniformly dispersed in the silicone rubber
matrix. It facilitated the interface combination between the
hybrids and the rubber matrix and reduced the energy loss of
nonradiation transitions, which was favorable for enhancing the
photoluminescence properties.”® As the content of the hybrids
increased to 18 and 30 phr, some aggregations were observed in
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the matrix, suggesting that the hybrids tend to aggregate to
large particles when the content increased, which might have an
adverse effect on the photoluminescence properties of the sili-
cone rubber composites.

Photoluminescence Properties

The photoluminescence properties of the silicone rubber com-
posite with Eu(Pht);Phen/SBA-15 hybrids were studied. As can

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38280
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Figure 7. Emission spectra of the silicone rubber composite with Eu(Pht);Phen/SBA-15 hybrids (a); and the photograph of the silicone rubber compos-

ite sample under natural light and UV light (b). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

be seen in Figure 7(a), the emission spectrum of the composite
exhibited sharp emission peaks at 579, 593, 615, 650, and 701
nm, which could be attributed to 5D0—>7F] (J = 0—4) transitions
respectively. As shown in Figure 7(b), the composite sample
showed red photoluminescence upon radiation of UV light,
which was mostly attributed to the strongest transition
(°Dy—"F,) centered at 615 nm.”>*® The *Dy—’F; transition is
due to the magnetic dipole transition, which is insensitive to
the local coordination environment of Eu’" ions, while the
Dy—"F, transition is related to electric dipole transition and
sensitive to the coordination environment of the Eu’" ions.*’
Therefore, the integrated intensity ratio (R) of "Dy—F, to
*Do—’F; (Ips/Io1), could indicate the asymmetry of the coordi-
nation environment of Eu®" ions.””?® The intensity at the peak
of 615 nm was much stronger than that at the peak of 593 nm,
indicating the low symmetry of the coordination environment
of central Eu’" ions in the composite.”!

As can be seen from Figure 8, the *Dy—’F, emission intensity
of the silicone rubber composite with Eu(Pht);Phen/SBA-15
hybrids increased as the content of the hybrids increased. The
photoluminescence intensity increasing rate of the composite
was much higher in the content range of 6-18 phr than that of
the composite in the range of 18-30 phr. It was because of the
presence of the aggregations of Eu(Pht);Phen/SBA-15 hybrids as
the content increased, shown in the SEM images in Figure 6(d,
e), which gave birth to more energy transfer between neighbor-
ing Eu”" centers'® and led to a typical emission concentration
quenching, thus reducing the emission intensity.

As shown in Figure 9, when the content of Eu(Pht);Phen/SBA-
15 hybrids was 6 phr (the content of Eu(Pht);Phen was 2 phr),
the emission intensity at the peak of 615 nm of the silicone rub-
ber composite with Eu(Pht);Phen/SBA-15 hybrids was 1.91 and
3.53 times higher than that of Eu(Pht);Phen/silicone rubber
composite and [Eu(Pht);Phen+SBA-15]/silicone rubber com-
posite, respectively. When the content increased to 10 phr, the
photoluminescence intensity increasing ratio was 1.50 and 2.53,
respectively. The improvement in photoluminescence intensity
resulted from the incorporation of Eu(Pht)sPhen into the chan-
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nels and assembly of Eu(Pht);Phen onto the surface of the SBA-
15, which improved the dispersion of Eu(Pht);Phen and inhib-
ited aggregations of Eu(Pht);Phen at the same time. Accord-
ingly, it also helped dilute Eu(Pht);Phen in the composite and
prevented the photoluminescence concentration quenching, thus
making it easy to irradiate by the excitation light and emit pho-
toluminescence.'® On the other hand, the SBA-15 framework
enhanced the structural rigidity of the hybrids, which was help-
ful in reducing the energy dissipation from the nonradiative
transition in the hybrids.21 The ratios (Iy,/Iy;) of the silicone
rubber composites with 6, 30 phr of Eu(Pht);Phen/SBA-15
hybrids (the content of the Eu(Pht);Phen was 2, 10 phr, respec-
tively) were calculated to be 5.24 and 5.16, which were larger
than those of Eu(Pht);Phen/silicone rubber composites (4.92
and 5.09) and [Eu(Pht);Phen+SBA-15]/silicone rubber compo-
sites (4.61 and 4.79) respectively, demonstrating that the local
environment of Eu’" ions in the silicone rubber composite was

—

Intensity (a.u.)

' T 3 T J T ) T ;
6 12 18 24 30 36

Content (phr)

Figure 8. The effect of the content of Eu(Pht);Phen/SBA-15 hybrids on
the >Dy—’F, emission intensities of the silicone rubber composites with
the hybrids.
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Figure 9. The emission spectra of the silicone rubber composites with Eu(Pht);Phen/SBA-15 hybrids, [Eu(Pht);Phen+SBA-15]/silicone rubber compo-
sites, and Eu(Pht);Phen/silicone rubber composites (a-2 phr; b-10 phr, all referred to the content of Eu(Pht);Phen). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

much asymmetric when Eu(Pht);Phen was incorporated into
the channels and assembled onto the surface of SBA-15.7

The photoluminescence decay curves of *Dy—"F, emissions of
silicone composites were obtained at room temperature, which
were shown in Figure 10. The photoluminescence decay curves
of all the composites could be fitted well into a mono-exponen-
tial function as I = A exp(—t/t) + I, with the R? factor exceed-
ing 0.99, confirming the presence of only one symmetric site
and relatively ordered environment of Eu*" ions in the compo-
sites.”>?® The lifetimes of silicone rubber composites were calcu-
lated and summarized in Table I. It was found that the lifetime
of the silicone rubber composite with Eu(Pht);Phen/SBA-15
hybrids was 1035 ps, much longer than that of
[Eu(Pht);Phen+SBA-15]/silicone rubber composite (902 ps)
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and Eu(Pht);Phen/silicone rubber composite (900 ps), which
was in accordance with the above results of photoluminescence
intensities. The increase in lifetime could be attributed to the
rigid structure of SBA-15, effectively limiting the nonradiative
vibration of the Eu(Pht);Phen,””'™> thus slowing the decay
rate.

Judd-Ofelt Analysis of Eu®" Ions in the Silicone Rubber
Composites

To investigate the local environment of the Eu’" ions in the sili-
cone rubber composites, Judd-Ofelt theory was used to calculate
these parameters. According to the theory, the *Do—’F, transi-
tion of Eu" ion is allowed by magnetic dipole, whose probabil-
ity (Apng) is independent of the environment, thus it can be
used as a reference.’® While ° D0H7F2, 4, ¢ transitions are related

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38280
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Figure 10. The photoluminescence decay curves of silicone rubber com-

posites with Eu(Pht);Phen/SBA-15 hybrids (a), [Eu(Pht);Phen+SBA-15]/

silicone rubber composite (b), and Eu(Pht);Phen/silicone rubber compos-

ite (c). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

to the electric mechanisms and their radiative rates (Ay;) for

’Do—"F; (J = 2, 4, 6) transitions depend solely on intensity pa-
rameters ,, Q4 and €, respectively. The magnetic radiative
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transition probability (A,,q) and electric dipole radiative transi-
tion probability (A.q) can be calculated as follows, respec-
tively. ¢

e4mtvd

:m” Smd (1)

md
64t ev? n(n® +2)°
Aot =
3h(2J +1) 9
64nte’y? n(n* +2

— )2 (1) 1712
T 32+ 1) 9 t;ﬁg‘<wHU 177

Sed
(2)

Sma refers to the magnetic dipole line strength of the *Dy—"F,
transition, which is 9.6 x 107** esu’cm” independent of the
medium.”” Here, h is the Plank’s constant, e is the electronic
charge, n is the refractive index of the medium, silicone rubber,
which was 1.40 obtained by variable angle spectroscopic ellip-
someter, v is the wavenumber of the transition, J is the total
angular momentum of the ground state and J' is that of the
final state, and <‘I’] || U® H‘{” J >2, the square reduced matrix ele-
ments, are 0.0032, 0.0023, and 0.0002 for t = 2, 4, and 6,
respectively.*®

The radiative rates, Ay; (J = 0—4), were calculated according to

the relation with the magnetic radiative transition probability,
A2

Ay = Apg——% (3)

Vma and vp; are the wavenumbers of the *Dy—'F; and *Dy—'F,;
(J = 0-4) transitions, and I,,q and I; are the integrated inten-
sity of *Dy—’F, and 5D0—>7F] (] = 0—4) transition, respectively.
Anq can be obtained by the relation with A4 in vacuo
((Amd)vac), which is 14.65 s~'.2* The average index of refraction
of the silicone rubber is 1.40, therefore, Ang = #° (Amd) vac =
40.20 s~

The Q, (t = 2, 4) can be determined from the ratios of inten-
sities of Dy—'F, 4 transitions to the intensity of >Dy—’F, tran-
sition as follows.*” The Qg parameter can be negligible because
that the *Dy—’F, transition was not detected.*!

Ay _ e VSI (’72 +2)2 (t) 17/\2
TW—TWVTWTQ<‘W||U ') (4)

Table 1. The Lifetime, R? Factor and Standard Error Values of Silicone
Rubber Composites

Samples 7 (us) R? factor Standard error
A2 1035 0.994 23
B 902 0.996 16
© 900 0.998 11

The samples A, B, and C is the silicone rubber composite with
Eu(Pht)sPhen/SBA-15 hybrids, [Eu(Pht)sPhen+SBA-15]/silicone rubber
composite, and Eu(Pht)sPhen/silicone rubber composite, respectively.
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Table II. Solid-State Spectroscopic Parameters for the >D, Luminescence of the Eu’* Tons in the Silicone Rubber Composites

Samples Q: (1072 cm?) Q4 (1072 cm?) Ar (s Anr (571 Tobs (1S) ® (%)
A2 8.902 2.778 299.301 666.882 1035 31.0
B 8.257 2.381 281.342 827.306 902 25.4
C 8.775 2.417 292.848 818.263 900 26.4

aThe samples A, B, and C is the silicone rubber composite with Eu(Pht)sPhen/SBA-15 hybrids, [Eu(Pht)sPhen+SBA-15]/silicone rubber composite, and

Eu(Pht)sPhen/silicone rubber composite, respectively.

The calculated values of parameter Q, and Q, of silicone rubber
composites were listed in Table II. Q, is hypersensitive to the
symmetry and sequence of ligand fields and important for
designing high intensity emitting materials.*> As shown in Table
I, Q, value of the silicone rubber composite with
Eu(Pht);Phen/SBA-15 hybrids was calculated to be 8.902 X
107 ¢m?, relatively higher than that of [Eu(Pht);Phen+SBA-
15]/silicone rubber composite (8.257 x 10 *° cm?®) and
Eu(Pht);Phen/silicone rubber composite (8.775 x 1072° cm?).
It indicated that the Eu’* ions were in highly polarizable chem-
ical environment and demonstrated the improvement of the
photoluminescence properties in the silicone rubber composite
with Eu(Pht);Phen/SBA-15 hybrids,22 which was in accordance
with the results of the photoluminescence intensities in Figure
8(b). Q, values, corresponding to the intensity of Dy—'F,
transition, are related to the bulk properties of the hosts, while
no theoretical prediction was found for this sensibility to mac-
roscopic properties.”**

The luminescent quantum efficiency (®) for the *Dy—"Fo4
transitions of Eu”" ions fundamentally determines the lumines-
cent properties of the composites, and can be determined on
the basis of the emission spectra and lifetime of °D, excited

state. @ is defined and calculated according to egs. (5)—
(7).11:22:24,39.44

AR

P=—"
AR + Anr

(5)

Ap is the radiative transition rate, which can be calculated by
summing all the radiative rates Ay for each 5D0—>7F] (J=0-4)
transition.

I
AR:AWIZL]M

(6)
7 Imd Vo

Ang is the nonradiative transition rate and can be obtained by
the relation with the lifetime observed (7,,) and radiative tran-
sition rate (Ag).

1
Tobs = 5 A4 (7)
AR + Anr

The values of Agx Ang, and @ of silicone rubber composites
were calculated by the above equations, and results were listed
in Table II. It was found that the photoluminescence quantum
efficiency of the silicone rubber composite with Eu(Pht);Phen/
SBA-15 hybrids was 31.0%, relatively higher than that of
[Eu(Pht);Phen+SBA-15]/silicone rubber composite (25.4%) and

MAL:T%AB WWW.MATERIALSVIEWS.COM
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Eu(Pht);Phen/silicone rubber composite (26.4%). This phenom-
enon could be attributed to the rigid structure of SBA-15, which
could reduce the nonradiative transition rates caused by vibra-
tion of the Eu’" ions.*> On the other hand, Eu(Pht);Phen/SBA-
15 hybrids were uniformly dispersed in silicone rubber compo-
sites, thus reducing the energy transfer among Eu(Pht);Phen
nanoparticles” and leading to a higher photoluminescence
quantum efficiency.

CONCLUSIONS

Eu(Pht);Phen/SBA-15 hybrids were prepared and their mor-
phologies and structures were characterized by XRD, nitrogen
adsorption—desorption, SEM and TEM, which proved that
Eu(Pht);Phen was successfully incorporated into the channels
and assembled onto the surface of SBA-15. The silicone rubber
composites with various contents of Eu(Pht);Phen/SBA-15
hybrids were prepared and their photoluminescence properties
were also studied. The results showed that the photolumines-
cence intensities of the composites with the hybrids increased as
the content of the hybrids increased and higher than those of
Eu(Pht);Phen/silicone rubber composites and
[Eu(Pht);Phen+SBA-15]/silicone rubber composites when the
content of Eu(Pht);Phen was equal. Besides, the photolumines-
cence decay curves of the composites showed that the lifetime
of the silicone rubber composite with Eu(Pht);Phen/SBA-15
hybrids was 1035 ps, much longer than that of Eu(Pht);Phen/
silicone rubber composite (900 ps) and [Eu(Pht);Phen+SBA-
15]/silicone rubber composite (902 ps). According to the results
calculated by Judd-Ofelt theory, the Eu’" ions in the composite
with the hybrids occupied more asymmetrical environment and
the photoluminescence quantum efficiency (31.0%) was rela-
tively higher compared to the Eu(Pht);Phen/silicone rubber
composite (26.4) and [Eu(Pht);Phen+SBA-15]/silicone rubber
composite (25.4%) due to the rigid framework structure of
SBA-15 which reduced the nonradiative transition rate and the
improvement of the dispersion of hybrids in the composites.
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