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Ternary terbium complexes were fully encapsulated and uniformly distributed into the channels of unmodified
and modified mesoporous molecule sieves of SBA-15 and characterized by transmission electron micrographs
(TEM), Fourier transform infrared spectroscopy (FTIR), ultravielésible (UV—vis) absorption spectra,
inductively coupled plasma-atomic emission spectroscopy (ICP-AES), and elemental analysis. The luminescent
properties for the encapsulated complexes were systematically studied in contrast to the pure complexes,
including excitation and emission spectra, fluorescence dynamics, photostability under UV exposure, and the
temperature dependence of intensity and lifetime. The results indicate that the excitation bands assigned to
thezr—s* electron transition of the ligands for Tb complexes encapsulated in SBA-15 were split into different
components due to decreased symmetry and disappeared at long wavelengths. Owing to suppressed vibration
transitions, the outer quantum efficiency of fa-"F; (J = 0—5) emissions was enhanced largely in comparison

to the pure complexes. In addition, the photostability and thermostability of the emissions were also improved
considerably.

Introduction acetylacetone; phen, 1,10-phenanthroline) encapsulated in me-
soporous molecular sieves of SBA-15, which may provide better
Rare earth (RE) complexes have been well known to show g,nh0rt for RE complexes because of their larger pore size and
sharp, intense emission lines upon ultraviolet light irradiation petier stability® in comparison with those of MCM-41. In the
because the effective intramolecular energy transfers from thepreparation, a combined method of press difference and wet
coordinated ligands to the luminescent central lanthanide ions. impregnation was adopted, which ensured that the RE complexes
Some of the RE complexes demonstrate potential applications,yere effectively filled into the channels of mesoporous molec-
in efficient light-conversion molecular devices (LCMB3pnd ular sieves. To thoroughly understand the photoluminescence
organic light-emitting devices (OLEDS)> However, thiskind ~ hrqperties of this kind of materials, the spectral properties of
of materials owns some disadvantages for practical application, s kind of materials were systematically studied. It is interest-
such as their low chemical, optical, and thermal stabilities. Re- ing to observe that in the pores of SBA-15 the photostability
cently, because their photophysical properties could be modified 5, thermostability of TH ternary complexes were improved
by interaction of the host structure, the luminescence pmpertiesconsiderably. In addition, the outer luminescence efficiency in

of RE complexes supported on a solid matrix were studied {he encapsulated samples was increased largely over the pure
extensively. For instance, the RE complexes were encapsulateq:ommexes_

in or adsorbed on host materials, including Langmitodgett
films,® sol—gel matrixes;® zeolites? and silica matrix:° Among Experiments
them, the mesoporous molecular sieves used as a support for .
RE complexes have attracted particular attention. In the past A Sample Preparation. Pure Tb(acagphen complexes
few years, Xu12 Zhang!® and Gleize¥ et al. encapsulated (labeled WlthP) were synthesized according to ref 16, which
different ternary E& complexes into mesoporous channels of had the following molecular structure:
MCM-41 via wet impregnation and observed that encapsulation
of the ternary E& complexes in MCM-41 gave efficient red
emissions. Additionally, Xu et al. observed that in the encap-
sulated samples Bticomplexes had better photostability under
UV irradiation than the corresponding pure complexes. How-
ever, the encapsulation of the ternary3Thcomplexes in
mesoporous molecule sieves was reported infrequently.

In this paper, we report the preparation and photolumines-
cence properties of the RE complexes Th(aga®n (acac,
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Figure 1. XRD pattern of SBA-15.

3-aminopropyl)triethoxysilane (APTES) (Fluka). The precursor
solution was prepared via dissolvation of appropriate amounts
of the pure complexes in chloroform solution. Dried SBA-15
(200 mg) was decompressed in a 100 mL round-bottomed flask.
When the press was isobaric, the precursor solution was added
into the round-bottomed flask slowly; then it was decompressed
and placed 24 h in air. The mixture was filtered and washed
with acetone until the color (green) of the filtered solution
disappeared under the irradiation of a 266-nm laser light. Finally,
the resultant products were dried ®h invacuum, which was TABLE 1: Variation of the Content of Tb 3+, Relative
labeled as samplé. The encapsulation method of the Th- Emission Intensity, Radiative and Nonradiative Transition
(acac)phen complexes in the modified SBA-15 (labeled as lFDQates (Room Te(;nlp:_)erzture) dfpr the-’l)ED4 State, 1and E'tt'_lr_‘g
sampleB) was similar to the method described above. arametersa and Ex According to Equation 1 in the Text

Figure 2. TEM images of SBA-15 (a), modified SBA-15 (b), and
samplesA (c) andB (d).

B. Measurements.The morphologies of the samples were sample P A B
characterized by a JEOL JEM-2010 transmission electron content of theTH" (mass %) 100 1.74 1.38
microscope with an accelerating voltage of 200 kV. The FTIR  relative intensities ofD,-"Fs 100 8.2 2.6
spectra were recorded at a Bio-Rad FTS-3000 (EXCALIBUR  radiative rate4s) 1180 910 640
SERIES) spectrometer. The WWis absorption spectra were nonradiative rateu(s) gg ;?03 20 ;
recorded at a UVvis—NIR scanning spectrophotometer (SHI- Ex (MeV) 53.9 91.1 102.9

MADZU). The content of the TH ion was analyzed by ICP-
AES measurement with a TJA-POEMS spectrometer. The CHN gj,¢ gistribution. The textural data of the materials are sum-

elemental analysis was carried out on a VarioEL analyzer.  marized as follows: BET surface area 832.058Ugmpore
Excitation and emission spectra were recorded at room yiameter. 6-7 nm: and pore volume, 1.26 éfg.

temperature using a Hitachi F-4500 spectrophotometer equipped Figure 2a-d shows, respectively, TEM images of SBA-15,

with a continuous 150 W Xe-arc lamp. The continuous lights ,qqified SBA-15. and samples andB. It can be seen that
separated from a 500 W xenon lamp were used as irradiation, o average pore’diameter of unmodified SBA-15 4761

with a line width of 10 nm and a power density of 1000 whereas the diameter of the modified SBA-15 decreases %o 4
uWicr. In the measurements of temperature dependence ofn Figure 2c and d demonstrates that the pores are fully filled
emission intensity, the samples were put into a liquid nitrogen ;, samplesA and B. The fillings should be the pure Th-

cycling system, i_n which the temperature varied from 77 to 300 (acac)phen complexes, which was supported by the results of
K. The 325-nm light came from a HeCd laser that was used  glement analysis. For raw Th(acgahen complexes, the

for excitation. The spectra were recorded by a UV-Lab Raman .qcentrations of C. N. and H were determined to be
Infinity with a resolution of 2 cm?. In the measurements of respectively, 50.64, 4.50, and 4.92% in weight ratio, which is

fluorescence dynamics, a 266-nm light generated from #:Nd o ngistent with the calculated values, 50.95, 4.40, and 4.59%.
YAG laser combined with a fourth-harmonic-generator was used g, byproducts in filtered solution produced by fabricating

as pumping, with a repetition frequency of 10 Hz and a duration g3mpjesa andB, they were determined to be 49.24, 4.07, and
of 10 ns. The samples were put into a liquid helium cycling 4 goos The similar components between Th(ags®n com-

system, where the temperature varied from 10 to 300 K. The eve5 and byproducts imply that no chemical reaction occurred
spectra were recorded by a Spex 1403 spectrometer, a photopeateen Th(acag)hen complexes and SBA-15, which indi-

multiplier, a boxcar average, and a computer data acquisi'[ion.recﬂy suggests that the fillings were pure Th(agiggn

complexes, instead of reacted products. The contents of the Tb
ions in different samples were obtained by ICP-AES measure-
A. Morphology and Structure. Figure 1 shows the XRD  ment, to be 1.74% in sampke and 1.38% inB, as listed in
patterns of SBA-15, which were provided by Jilin University Table 1.
to characterize the ordered mesoporous structure. In Figure 1, Figure 3 shows the FTIR absorption spectra of various
the XRD patterns show three characteristic diffraction peaks samples. As shown in Figure 3, the vibration modes in the
that are indexed to (100), (110), and (200) diffraction, being unmodified SBA-15 are consistent with those of typical SBA-
typical of two-dimensional hexagonapgmn) SBA-15. The 15 with pemmphase. In comparison with the unmodified SBA-
nitrogen adsorption and desorption isotherms display type-IV 15, two additional peaks are observed,~2934 cnt! and
isotherm curves with an H1 hysteresis loop at high relative ~1564 cnt?, corresponding to the €H stretching mode and
pressure, indicating the presence of large pores with narrow poreN—H bending mode in primary ammine, respectively. Besides,

Results and Discussion
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10 andB (Aex = 277 nm).
~ 8 of the ions to excited energy levels. Radiative electronic
2 transitions back to the ground state or to other lower states give
£ 6 off photons. Because of the shielding effect of electrons in the
& outer shells, inner #ielectronic transitions of the RE ions give
2 4 rise to a narrow emission band, which is insensitive to the
< chemical environment. The sensitization pathway in luminescent
29 rare earth complexes generally consists of an initial strong
P absorption of ultraviolet energy that excites the ligand to the
02 400 500 600 700 excited singlet§,) state, followed by an energy migration via

intersystem crossing from th®, state to a ligand tripletT)
state. The energy is then nonradiatively transferred from the
lowest triplet state of the ligand to a resonance state of a
coordinated lanthanide ion, which in turn undergoes a mul-
tiphoton relaxation and subsequent emission in the visible
region20:21

Wavelength (nm)

Figure 4. UV—vis absorption spectra of samplEsA, andB.

a weak peak appears at970 cnt! in sampleA, which is
assigned to the SiOH vibration generated by the presence of

defect sites, which is characteristic of mesoporous sifida. L . .
The excitation and emission spectra of various samples are

sampleB, the intensity of the peak decreases and changes intod icted in Fi 5 | b h broad itation band
a shoulder at the same wavenumber. Accordingly, we suggest epicted in Figure 5. |t can be seen that a broad excitation ban
ranging from 200 to 410 nm exists in the excitation spectrum

that —CH,NH, groups were grafted onto the surface SBA-15 £ th | hich | ianed * gl
via reactions between silylating agents (APTES) and OH groups of the pure complexes, which is assigned to electron
transition of the ligands. In samples and B, the excitation

on the channel wall, as follows: o . ;
bands are split into different components and disappear at long

OH G0 T wavelengths, which suggests that the Iig_a_nds environm_ent hgs
AN AN been changed. The pure complexes exhibit characteristic emis-

OH + C,HsO — Si(CHy);NH; — —O —— Si(CH,);NH) sions of the TB" ion with a main peak at 545 nm, corresponding
s s to theSD4-"Fs transitions. The emission lines in sampfesind

OH  CHsO —O B are the same as those in the pure complexes, but the intensity

becomes weaker. The relative fluorescence intensity in different
In Figure 3, a number of sharp vibration peaks appear in the samples {D4-’Fs) are listed in the Table 1. By comparing the
range of 808-1200 cnt! and 2886-3124 cnt? for the pure intensity and the concentration of ¥in different samples,
complexes, whereas they do not appear in sampilesd B, we can conclude that the unit mass of the pure complexes in
which suggests that the pure complexes were actually encap-samplesA and B gives stronger luminescence than the pure
sulated in the pores of the host material but not physically complexes, implying the improvement of outer luminescence
absorbed outside. efficiency. Xu et al. also observed a similar phenomenon in
UV —vis absorption spectra of different samples are drawn the encapsulated Eticomplexes-12The unit mass of the pure
in Figure 4. Two absorption bands located around 228 and 267 complexes in sampl8 gives a lower luminescence than that
nm are observed, corresponding to thes* transition of the in sampleA.
ligands for the pure complexes. In contrast to the pure On one hand, the excited-state energy forsther* electron
complexes, the locations of the two bands in sampéee nearly transition of the ligands can be transferred té'Tlgenerating
the same, which indicates that the pure complexes were 5D4-F;emissions. On the other hand, it can be transferred into
dispersed in the channels of unmodified SBA-15. In sarBple  vibration transition energy through electrephonon coupling.
both absorption bands become broader. In addition, the band atin the pure complexes, a large part of excited-state energy is
267 nm red-shifts to 324 nm, which can be attributed to the transferred into vibration transition energy because of strong
inducement interaction between NH groups and the complexes,electron-phonon coupling. For the encapsulated complexes,
generating a nephelauxetic effect and decreasing the conjugavibration transition is suppressed because of the existence of a
tion'® in the TP* complexes. solid bone with boundary of pores. As a consequence, more
B. Excitation and Emission Spectra.lt is well known that energy is transferred to ¥b, leading to the improvement of
in the RE complexes the energy is transferred from the triplet photoluminescence. In sampB, more excited energy is
state of ligands to the center RE ion, which raises fredettron adsorbed by the modified SBA-15 instead of the acac com-
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Figure 6. Dependence of emission intensity at 545 nm on irradiation
time for various UV lights fex = 272 nm).

plexes, which cannot be effectively transferred tThThis
point is confirmed by the UWvis absorption spectra, which
indicates that the host absorption of SBA-15 in the modified
complexes increases compared to that in the unmodified
complexes.

C. Photoluminescence Stabilitylt is well known that the
instability of RE complexes under UV irradiation is one of the
problems for practical application. In the present work, the
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dependence of emission intensity on irradiation time was studied Figure 7. (a) Emission spectra of the pure complexes at different

in different samples (see Figure 6). As shown, the emission
intensity of°D4-"Fs in the pure complexes decreases with the
increasing exposure time, whereas in samplat is nearly
constant. It is more interesting to observe that the intensity in
sampleB even increases with increasing exposure time. Actu-
ally, both the unmodified and modified SBA-15 provide a rigid
environment for the pure complexes to reduce the energy
consumption on vibration of ligands and collision of intermo-
lecular of complexes. And, SBA-15 protects the pure complexes
from decomposing under UV irradiation. The intensity enhance-
ment with exposure time in sampBecan be attributed to optical
modification of the surface defects. In the preparation, a large
number of surface defects are involved in the inner surface of
the pores, which generally act as nonradiative relaxation
channels. Under the exposure of UV lights, the defects are
modified gradually, causing photoluminescence to increase. Xu
et al. also observed the improvement of photostability in the
Eu complexes encapsulated in the MCM-41 porbtighow-

temperatures; (b) dependencedf-"Fs emission intensity on temper-
ature in sample®, A, andB (Aex = 325 nm).
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Figure 8. Fluorescent decay curves of tPg;-’Fs transitions at 545
nm in various samples.{ = 266 nm). The solid lines are experimental
data, and the circles are fitting functions.

ever, the degree of the improvement is not as large as the preseninann’s constant, antlis the absolute temperature. The values
results. The reason should be that in the present samples th&f a and Ex obtained by fitting are listed in Table 1. The

RE complexes are better distributed into the pores.
D. Temperature Dependence of Emission IntensityThe

improved value ofE, in samplesA and B suggests that the
photoluminescence is more stable than that in the pure com-

temperature dependence of fluorescence intensity was measureglexes.

under the 325-nm excitation in various samples in order to reveal
the thermal stability of photoluminescence. Figure 7a and b

E. Dependence of Fluorescence Lifetime on Temperature.
Figure 8 shows the fluorescence decay curves ofEhe’Fs

shows, respectively, the emission spectra at various temperature$ansitions for TB* ions in various samples. It can be seen that
in sampleA and the dependence of emission intensity on the®Ds-'Fstransitions all decay exponentially. The exponential
temperature in various samples. It can be seen that the emissiofifetimes are deduced to be 834 in the pure complexes, 633
intensity of 5D4-’F; for the T®* ion in all of the samples  us in sampleA, and 1528us in sampleB. It is apparent that
decreases monotonically with increasing temperature in the the lifetime in sampleA becomes shorter than that in the pure
studied range. In comparison with that in the pure complexes, complexes, whereas that in samgBebecomes longer. The
the emission intensity diD4-’F; in samplesA andB changes  lifetime can be written as

more slowly in the range of 77157 K, and more rapidly above
157 K. In Figure 7b, the intensity as a function of temperature
is well fitted by the well-known thermal activation functi®n

1

TTWAw,

()

lo

whereW; andW,, are, respectively, the total radiative transition
1+ qe E/KeT

rate of°D4-27F; and the nonradiative relaxation rate. To deduce
the radiative and nonradiative rates, the dependence of lifetime
on temperature was measured, as shown in Figure 9. It can be
observed that the decay time constant®@4-’Fs in samplesP

I(T) = @)

wherely is the emission intensity at O K is the proportional
coefficient, Ex is the thermal activation energyg is Boltzi-
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1800 Summaries
L /*»M*\* B We encapsulated and characterized the RE complexes Tb-
7 18009 e ' (acac)phen in unmodified and modified mesoporous molecular
3 * * . . . . :
S 00 sieves, SBA-15, which provided a rigid environment for the
B 1 A A a RE complexes. Their photoluminescence properties including
= \A/‘ a N absorption, excitation and emission spectra, fluorescence dy-
= 900 . m A P rption, pectra, | -
R o S \-\- namics, and temperature dependence of emissions were systemi-
6004 a A cally studied. The results demonstrated that in the unmodified
L and modified SBA-15 the excitation bands assigned torthe*
0 50 100 150 200 250 300 electron transition of the ligands were split into different
Temperature (K) components because of decreased symmetry and disappeared
Figure 9. Dependence of fluorescence lifetimes for tF@s"Fs at long wavelengths. The temperature dependence of the
transition on temperature. The fluorescence decay curves are measurefiuorescence lifetime indicated that the radiative transition rate
under the excitation of the 266-nm light. of 5D4-27F; in samplesA and B decreased in comparison to

the pure complexes, which originated from the influence of the
refractive index of the surrounding media (SBA-15). In sample
A, the nonradiative transition rate for tP2, state became larger

at room temperature, leading the inner quantum efficiency to
decrease. Anyway, the outer quantum efficiency of photolumi-

andB is nearly constant in the studied temperature range. In
sampleA, the lifetime constant of theD,-’Fs transition is nearly
constant below 200 K, whereas in the range of-2800 K the
lifetime decreases quickly with increasing temperature. As is
well known, the radiative transition rate is almost independent nescence in samplé became much larger than the pure

of temperature, whereas the nonradiative relaxation rate depend%omplexes as well as same which was attributed to more
strongly on temperature and can usually be described by theefficient energy transfer from the ligands to3Tb

theory of multlphor!on relaxatuo%?. At a low ‘?“.Ough temper- In the SBA-15, the photostability of the Th complexes was
ature, the nonradiative relaxation rate is negligible. The radiative improved considerably in comparison to the pure complexes
relaxation rate is equal to the reverse of lifetime; accordingly, P y P b P )

tis deduced to be 1188 ¥ the pure complexes, 932 1 08 TOUURC SERRE. | (EER T 10 Snee e e
in sampleA, and 64Qus~ in sampleB. Then, the nonradiative y 9 '

) . . which was attributed to the modification of surface defects under
relaxation rate at room temperature is also determined to be . . o
: 1 - the exposure of ultraviolet light. The thermal stability for the
zero in sample® andB and 760us™! in sampleA. The inner - - .
uantum efficiency can be written as samples encapsulated in S_BA-15 was also |mproved consider-
q ably. Overall, the photoluminescence properties of Tdom-
=W, /(W +W.) (3) plexes encapsulated in SBA-15 were improved considerably in
pRT comparison to the pure complexes, which is essentially important

On the basis of eq 3, the valuesmfner in samplesP, A, and for future application of RE complexes in areas of both

B are determined to be 100%, 55% and 100%, respectively. molecular optical and electrical devices.

Zinner IN Sample A decreases in comparison to the pure
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