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Multi-component assembly and luminescence tuning of
lanthanide hybrids through the inside-outside double
modification of zeolite A/L

Lei Chen, Bing Yan*

A series of novel multi-component photofunctional hybrid materials are assembled by lanthanide
polyoxometalates (NagLnWoO34-32H,0, LnW10, Ln = Eu, Tb, Sm and Dy), ionic liquids (IMCI) and
functionalized zeolite A/L through an inside-outside double modification path. Firstly, zeolite A/L is
functionalized with lanthanide complexes (Eu-TTA or Tb-TAA) by the ion-exchange treatment and
“ships in a bottle” dispersion. Then, 1-methyl-3-(trimethoxysilylpropyl) chloride (IM*CI) is covalently
grafted onto the functionalized zeolite A/L and linked to lanthanide polyoxometalates as a double linker.
These hybrids own two luminescence centers, one is lanthanide complexes, and the other is lanthanide
polyoxometalates. By adjusting the different components of the hybrids, it can realize the luminescent
tuning and integration of various colors (white, warm-white, green and red light). These results can be

expected to have potential application in practical fields.

Introduction

Lanthanide-based organic-inorganic hybrid materials have
attracted great attention from many researchers in recent two
decades for their attracting mechanical property, high thermal-
stability and luminescence features (photo-stability, high
luminescence quantum yield, long lifetime emission and high color
purity)." So they have versatile potential applications in practical
fields such as luminescent thin films, polymeric optical amplifiers,
lasers, OLEDs, luminescent chemical sensors and luminescent
molecular thermometers, etc.>> Within these kinds of hybrid
materials, lanthanide complexes or lanthanide-doped nanoparticles
are incorporated into inorganic hosts, like MCM-41, SBA-15 or
zeolite,*® or organic polymer matrices.” Zeolite A/L is crystalline
microporous materials with highly regular nanometer-sized channels
or cavities inside, which has been successfully employed to obtain
highly organized arrangements of a large variety of organo-
lanthanide complexes via the “ship in a bottle method”.® Zeolite A/L
has proved to be an ideal host material for luminescent guest species
because it can offer an effective protection of guests and maintain
photoluminescence properties during the annealing process at 973 K
under air atmosphere.” Zeolite A/L can be further modified with
targeting groups for its surface is covered with a large amount of Si-
OH."

Tonic liquids (ILs) are composed entirely of cations and anions
and can melt around 373 K or below a convenient, arbitrary
temperature limit.'" Little attention has been paid to the application
of these purely inorganic ionic liquids for a long time until the water-
stable and air-stable ionic liquids have been synthesized by Wilkes
and Zaworotko in 1992,' so that they begin to be widely explored as
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solvents or reactant in synthetic chemistry. These salts possess many
outstanding properties, such as thermal stability, non-volatility, non-
flammability, high electrical conductance and negligible vapor
pressure, etc.>  Besides, soft with
photoluminescence can be obtained by dissolving Ln,O; and organic

material intense
ligand into a task-specific ionic liquid."* Furthermore, environment
friendly ionic liquids have only a yellowish color are used as
excellent organically linkage."

Polyoxometalates (POMs) are inorganic metal oxide clusters
formed by some transition metal ions in their highest oxidation state,
whose crystalline framework structure makes.'® POMs also exhibit
wealthy physical properties such as optics, electrics and magnetics,
which are favorable for the hybrid materials.!” [LnW10036]9' (Ln =
Eu, Tb, Sm, Dy) anion is made up of Ln*" jon and [W5013]6'
fragments (five WOq4 octahedra sharing edges). It is generally known
that LnW10 shows outstanding luminescent performance such as
high luminescent quantum yields and long luminescent lifetimes,
especially [EuW,,056]” (EuW10) has been discovered by Weakley
and Peacock and exhibits the best luminescent nature.'® Fabricating
it into hybrid materials can effectively keep the thermal and
luminescent stability of LnW10. The hybrids of ionic liquid
encapsulated LnW10 anions through electrostatic force can be easily
assembled have aroused great interest of many researchers.'>*’

In this paper, we put forward a novel inside-outside double
modification path to prepare a series of multi-component lanthanide
hybrid materials. Both organo-lanthanide complexes and LnW10 are
used as the luminescent species through two functionalizing
processes. Lanthanide complexes are firstly incorporated into the
nanometer-sized channels or cavities of Zeolite A/L, and then it is
modified with

1-methyl-3-(trimethoxysilylpropyl) chloride as
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grafted linker as well to interact with PMOs through ion exchange.
Subsequently, nine hybrid materials LnW10-IM-[ZA/LDEu-TTA] or
LnW10-IM-[ZA/LDoTb-TAA] (Ln = Eu, Tb, Sm, Dy) are obtained,
whose physical characterization and especially the photophysical
properties are discussed in detail.

Experimental section

Starting materials. Chemical pure and highly crystalline Zeolite
A/L (ZA/L) crystals were synthesized according to the previously
reported procedure.”’ All solvents and reagents were analytically
pure without further purification. Sodium hydroxide, potassium
hydroxide, sodium meta-aluminate were from Aladdin and colloidal
silica (40 %, Ludox HS-40) was from Sigma. (3-Chloropropyl)
I-methyl imidazole (99 %), theno-
yltrifluoroacetone (99 %, TTA) and 1,1,1-trifluoroacetylace-tone
(98 %, TAA) were purchased from Adamas. LnNO;-xH,O (Ln =
Eu/Tb/Sm/Dy) were obtained by dissolving their respective oxides
(Eu,03, TbyO7, Sm,0; and Dy,0;) in concentrated nitric acid (69.2
%). Other chemicals were analytically pure and purchased from

trimethoxysilane (99 %),

China National Medicines Group and used as received.

Synthetic procedures

Synthesis of polyoxometalates (LnW10, NaoLnW;y034-32H,0).
LnW,035 can be abbreviated to LnW10 (Ln = Eu/Tb/Sm/Dy).
NagLnW;o03-32H,0 was prepared according to the method
reported by Peacock and Weakley.'® Na,WO,-2H,0 was dissolved in
10 mL deionized water, the solution was heated to 358 K, and then
adjust the pH value was adjusted to 7.2 with glacial acetic acid. A
total of 0.8 mL Ln(NOs3);-6H,0 (0.8 M) was then added dropwise by
stirring, and a large amount of white precipitate immediately
generated. After the solution was cooled naturally to room
temperature, colorless crystals were obtained. Finally, the product
were collected by centrifugation, washed with distilled water three
times, and dried in air conditions for 24 h. The colorless crystals are
LaW10.

Synthesis of ionic liquid (IM'CI'). Highly purified 1-methyl-3-
(trimethoxysilylpropyl) chloride (IM'CI") was synthesized according
to previous literature.”? Equal molar amounts of 1-methyl imidazole
(0.820 g, 10 mmol) with (3-chloropropyl) trimethoxysilane (1.987 g,
10 mmol) were put together in a round-bottom flask with magnetic
stirring, a little toluene was added to remove atmosphere and water
vapor, and then the pale-yellow sticky and transparent liquid solution
was obtained by stirring for 3 days at 343 K in an argon atmosphere.
The coarse product was washed with ethyl acetate by three times to
clean unwanted substances, and then taken down on a rotary
evaporator to remove excess solvent to obtain ionic liquid, referred
to as IM'CI". "H NMR (CDCl;, 400 MHz): 10.15 (1H, s), 7.52 (1H,
s), 7.30 (1H, s), d 4.11 (2H, t), 3.82 (3H,s), 3.29 (9H, s), 1.82 (2H,
m), 0.99 (2H,t).

Synthesis of ZA/LDEu-TTA and ZA/LOTb-TAA. Ln-ZA/L
samples were synthesis according to the ion-exchange as follows.”
A certain amount of ZA/L was added to 20 mL deionized water, then
0.6 mL of a 0.10 M aqueous solution of EuCl; or TbCl; was added
and heated at 353 K for 12 h. After cooling to room temperature, the
product was washed with copious amounts of deionized water by
three times and then dried for 5 h at 353 K. Neutral dyes such as
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TTA and TAA were inserted from the gas phase by using the “ship in
a bottle” method. Ln-ZA/L was firstly placed in an ampoule, and
was degassed and dried at 423 K for 2 h to get rid of the solvent
molecules and water molecules. The reaction time and temperature
were 18 h at 453 K for TTA and 18 h at 353 K for TAA. The product
obtained was washed with CH,Cl, by several times, and dried for 5 h
at 323 K in a vacuum. Selected elemental analyses data were
determined for some systems: ZADEu-TTA: Eu 3.23 %, C 5.11 %,
H 0.20 %; ZADTb-TAA: Tb 3.86 %, C 4.35 %, H 0.23 %; ZLOTb-
TAA: Tb 3.50 %, C 4.00 %, H 0.20 %. This suggested that the
functionalized zeolite can be realized. The content of C and H is
with the molar ratio C: H of about 2:1 (ZADEu-TTA) or 1:1
(ZA/ZLSEu-TAA), revealing the of TTA (C10: HS) and TAA (C5:
HS5) system.

Preparation of LnW;-IM-[ZA/LDEu-TTA] or LnW,-IM-
[ZA/LSTb-TAA] (Ln = Eu, Tb, Sm, Dy). 100 mg of modified
zeolite (ZA/LDEu-TTA and ZA/LOTb-TAA) was suspended in 20
mL of toluene solution, then 0.3 mmol of IM'Cl" were added and
heated at 353 K. After 18 h, the surface-inserting chloropropylsilyl-
imidazole covalently bonded microporous silica through Si—O
linkage. 0.05 mmol of LnW10 was then transferred into the solution
and keep heating for 24 h. Finally products were collected by rotary
evaporation, washed with cyclo-hexane several times, and dried
under vacuum, which can be abbreviated to LnW10-IM-[ZA/LDEu-
TTA] or LnW10-IM-[ZA/LoTb-TAA] (Ln = Eu, Tb, Sm, Dy). The
selected contents of Ln, W and C, H element can be determined. For
EuW10-IM-[ZADEu-TTA]: Eu 3.30 %, W 19.6 %, C 3.05 %, H
0.18 %; for EuW10-IM-[ZADTb-TAA]: Eu 1.60 %, Tb 1.80 %, W
19.0 %, C 3.80 %, H 0.20 %; for EuW10-IM-[ZLSTb-TAA]: Eu
1.80 %, Tb 1.65 %, W 21.0 %, C 3.70 %, H 0.20 %. According to
these data, it can be predicted the molar ratios of Eu: W for EuW10-
IM-[ZADTb-TAA] and EuW10-IM-[ZLOTb-TAA] are close to 1:10.
Besides, the content of Tb*" also suggested Tb*' functionalized
ZA/ZL. Comparing to the C, H content of ZADEu-TTA and
ZA/ZLDoEu-TAA, the increase of C and H content may be due to the
introduction of IM.

Physical characterization. X-ray powder diffraction patterns (XRD)
were recorded on Rigaku D/max-Rb diffractometer equipped with
Cu anode, and data were collected within the 20 range of 5-60 °.
The contents of Ln*" ions (Ln = Eu, Tb) and W in the hybrids were
determined with ICP-AES. The elemental analyses of C, H element
the hybrids are measured with a CARIO-ERBA 1106 elemental
analyser. Scanning electronic microscope (SEM) images were
obtained by a Hitachi S-4800. Fourier transform infrared spectra
(FTIR) were gained on a Nexus 912 AO446 infrared spectrum
radiometer using KBr slices for solid samples, measured within from
the 4000 to 400 cm™ region. 'H NMR spectra were acquired in
CDCIl; on a BRUKER ARX400 spectrometer with tetramethylsilane
(TMS) as the inter reference. Luminescence (excitation and emission)
spectra and luminescence lifetime measurements of the solid
samples were recorded on an Edinburgh FLS920 spectrophotometer,
using a Xenon lamp as the excitation source, whose powers are 450
W and 100 mW, respectively. And the outer luminescent quantum
efficiency was determined using an integrating sphere (150 mm
BaSO, from an Edinburgh FLS920

diameter, coating)
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phosphorimeter. All photoluminescence spectra have been recorded
at room temperature.

Results and discussion

Figure 1 shows the schematic representation and synthesis
process of hybrid materials LnW10-IM-[ZA/LDEu-TTA] and
LnW10-IM-[ZA/LDTb-TAA] (Ln = Eu/Tb/Sm/Dy). Though it is
hard to determine their exact structures and is even hardly possible
to confirm the coordinate environment of lanthanide ions, the main
structures of hybrid materials is predictable to a certain extent by the
lanthanide coordination chemistry principle. The single chemical
modification of ionic liquid exchanged POMs and ionic liquid
covalently bonded hybrids are both proved to be practical by the
reported works."® Besides, single lanthanide ions functionalized
zeolite and further introduction of ligands by gas dispersion (ship-in-
bottle) are also practical by the reported works.'®'* IM" plays an
important role in the final structure, for the reason that it not only
grafted onto modified microporous silica zeolite A/L (ZA/L) for its
alkoxy groups to form Si—O linkage but it also can interact with
LnW10 through ion exchange with electrostatic force. We prepare
ionic liquid functionalized LnW10 by adding the appropriate
proportion of LnW10 according to the amount of mole IM", and they
possess one unit of negative charge and nine units of positive charge,

respectively.
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Figure 1 The schematic representation and synthesis process of hybrid
materials LnW10-IM-[ZA/LDEu-TTA] and LnW10-IM-[ZA/L>Tb-TAA]
(Ln = Eu/Tb/Sm/Dy)

LnW10-IM-[ZA/LOEu-TTA]
LoWI10-IM-[ZA/LOTb-TAA]

Figure S1 exhibits the X-ray diffraction (XRD) analysis of
zeolite A (ZA, a) and zeolite L (ZL, b) from 5-60 ° in a 20 range.
Comparing with the standard JPCDS card, it is found that the
outstanding framework structure of crystals is synthesized. ZA is
formed by [AlO4]" and [SiO,]* tetrahedra linked via bridging
oxygen atoms, whose three-dimensional network of cavities have a
smallest free diameter of about 0.41 nm and the largest free diameter
being 1.14 nm. ZL is a crystal with a rigid three-dimensional
framework of tetrahedral [AlO4]” and [SiO,]* primary building units,
which consists of cancrinite cages (I-cage) linked by double 6-rings
(D6R) contributed to ZL’s one-dimensional channels running along
the c-axis of the hexagonal crystals. The channels or cavities of
ZAJ/L are easily chemically modified and can be conveniently
entrapped inside.

This journal is © The Royal Society of Chemistry 2012
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Figure S2 shows the selected FTIR spectrum of SmW10-IM-
[ZASEu-TTA]. The broad and strong peak from the region about
3100 to 3600 cm™ can be ascribed to the stretching vibration of O-H
group which are of extremely rich on the surface of the zeolite A.
The absorption peak around 1012 cm™ corresponds to the anti-
symmetric stretching vibrations of Si-O and Al-O bond in primary
tetrahedral building units, and it is attributed to the occurrence of
cohydrolysis and copolycondensation process. The peaks whose
absorption peaks locating at 1635, 1574, 1456 cm™ can be ascribed
as ring stretching of the imidazolium ring in IM. And the water
molecules present in the samples also contribute to the big
absorption band at 1635 cm™ by the bending vibrations. In addition,
a series of absorption bands at 2963 and 2900 cm™ correspond to the
methylene (-CH,-) groups in IM. It indicates that IM has been
grafted onto the host of ZA. The peak located at 466 cm’
corresponds to the bending vibration of Si-O-Si, weak band centered
at 966 cm™' are due to silanol (Si-OH) stretching vibrations of surface
groups.

Figure 2 The selected SEM images of TbW10-IM-[ZLoEu-TTA] (a) and
SmW10-IM-[ZASTb-TAA] (b, c)

The selected SEM images of TbW10-IM-[ZLDEu-TTA] (a)
and SmW10-IM-[ZADTb-TAA] (b, c¢) are shown in Figure 2. Figure
2 (a) illustrates the cylinder-shape of the functionalized ZL with a
length between 1000 and 2000 nm and a diameter in the order of 500
nm. There are several mass of TbW10 relative evenly distributed on
the surface of ZL, which directly proves that TboW10 and ZL are
linked by IM'. SEM images of SmWI10-IM-[ZADSTb-TAA] are
given in Figure 2 (b, c), in which we can see the shape morphology
of ZA no longer have the same morphology as precursor. By the
coordination effect and electrostatic force of IM", SmW10 and ZA
formed a mix of new complex material. Figure 2 (c) is the selected
macro SEM picture of SmW10-IM-[ZADTb-TAA], showing that
SmW10 has a clear impact on the inclusion of modified ZA. This
takes agreement with the FT-IR spectra.
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Figure 3 The excitation and emission spectra of hybrids EuW10-IM-[ZA D
Eu-TTA] () and EuW10-IM-[ZA STb-TAA] (b).

Figure 3 shows the excitation and emission spectra of EuW10-
IM-[ZADEu-TTA] (a) and EuW10-IM-[ZADTb-TAA] (b). The
excitation spectrum of EuW10-IM-[ZADEu-TTA] is monitored at
613 nm. A broad band ranging from 240 to 310 nm centered at 278
nm can be found, which can be ascribed to the ligands-metal charge
transfer (LMCT) of O—W and implies the energy transfer from
[Ws0.5]% to Eu*". The charge transfer band plays an important role
in its luminescence. The absorption bands of TAA and the host of ZA
are relatively weak can be hidden in the big band. There are several
absorption lines in the excitation are assigned to the f-f transitions
and the characteristic peaks of Eu®" situate at 390 nm ("F—°Fy), 399
nm ("Eg—>Fy), 415 nm ("Fy—°D3), 461 nm and 466 nm ("Fo—>D,),
respectively. However, the excitation spectrum of EuW10-IM-
[ZADEu-TTA] shows a strong wide band and some strong
characteristic peaks of Eu®". Emission spectrum is observed upon
excitation at 298 nm. These peaks are come from transitions within
the 4f%-electron shell of Eu®" and ascribed to energy level transitions
Eu®" from D, metastable state to terminal levels, respectively. The
characteristic transition of Eu®" (580 nm, ’Dy—'Fp; 592 nm,
’Dy—Fy; 614 nm, *Dy—"F,; 654 nm, *Dy—"F3; 703 nm, *Dy—"Fy)
can be observed. And the obvious inclination of red-shift in
SDy—"F,4 transition can be an evidence of the increase in the
covalency of the Eu**-ligand bonds inside of ZA, and supporting the
existence of an ordinal scale of covalency. The SDy—F, transition
standing for the symmetric forbidden emission is uneasy to be
noticed. And the intensity ratio of SDy—"F, transition to that of
SDy—’F, transition (Ipy/ly;) could be used as a response of the
polarizable chemical environment around Eu®" ion. Compared to
parent NagEuW10 (Zgy/1y; = 0.85), Eu* in the hybrids has more
complicated chemical environment. The luminescence data of
EuW10-IM-[ZADTb-TAA] are shown in Figure 3 (b). The
excitation spectrum monitored at 613 nm shows a broad band
ranging from 230 to 325 nm peaking at 297 nm, which can be
ascribed to the ligands-metal charge transfer (LMCT) of O—W and
the host of ZA. And there are also some strong characteristic
transition of Eu®" (361 nm, "Fy—°D,; 375 nm, 'Fy—°Gy; 381 nm,
"Fy—>Gs; 394 nm, "Fy—°Lg; 415 nm, "Fy—°D;; 466 nm, "Fy—>D,)
can be observed. And the characteristic peaks of Tb®" are relatively
weak can’t be find in the spectrum. The luminescence spectrum of

4| J. Name., 2012, 00, 1-3

EuW10-IM-[ZADTb-TAA] was measured by excitation at 317 nm.
Several characteristic transition of Tb** (489 nm, SD,—"Fg; 545 nm,
’D,—’Fs) and Eu®" (592 nm, *Dy—'F;; 651 nm, °Dy—’F;) are
observed, respectively. And the characteristic peak at 617 nm may be
the overlap of Eu** (613 nm, *Dy—"F,) and Tb*" (622 nm, *D,—"F5).
The Eu** ion has a serious chemical environment that it’s displayed
Ipo/ly; values is 2. There is also a narrow band at 692-701 nm (Eu**
’Dy—"F4) is stronger than general europium complexes. These
results overlap with the luminescent performance of parent EuW10.
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Figure 4 The luminescence spectra of hybrids ToW10-IM-[ZADEu-TTA] (a)
(vem = 613 nM, Aey = 282 nm) and ToW10-IM-[ZASTb-TAA] (b) (hem = 613
nm, A =285 nm)

Figure 4 exhibits the luminescence spectra of TbW10-IM-
[ZADEu-TTA] (a) and TbW10-IM-[ZADTb-TAA] (b), respectively.
In the excitation spectrum of TbW10-IM-[ZADEu-TTA], two broad
bands appear about from 240 to 310 nm peaking at 282 and 310 to
400 nm centered at 352, respectively. The former band can be
ascribed to the LMCT of O—W, implying that the energy transfer
occurs from [W50,5]* to Tb*", and the latter band is assigned to the
interaction between TTA and Eu®" ions. But the line absorption to the
f-f transition of Eu®" and Tb®" is present at a low intensity. The
emission spectrum is excited at 282 nm. There are two sharp
emission lines at 490 and 545 nm, which can be ascribed to the
’D,—F and *Dy—F; transitions of Tb®*, respectively. And the
characteristic peaks at 589, 613, 653 and 702 nm attributed to the f-f
transition of Eu** (5D0—>7F1, SDy—"F,, Dy—F; and 5D0—>7F4). The

This journal is © The Royal Society of Chemistry 2012
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characteristic sharp bands at 489 nm should be the overlap of Tb**
(587 nm, °D,—"F,) and Eu’" (592 nm, *Dy—"F,). When compared
with these characteristic peaks, we can find that the intensity of Tb*"
characteristic peaks are higher than that of Eu’"s. The excitation
spectrum (Ao, = 545 nm) of TbW10-IM-[ZADTb-TAA] is shown in
Figure 4 (b). We can see a broad band (250-330 nm) and five sharp
absorption lines at 340, 351, 358, 369 and 377 nm. The broad band
centered 285 nm can be ascribed to the n-n” electron transition of
TAA and the O — W, and the latter is stronger. By monitoring the
emission spectrum at 317 nm, we can see four characteristic sharp
bands at 489, 544, 584 and 621 nm attributed to *D;—'F; J =6, 5, 4,
3), respectively. And in TbW10-IM-[ZADTb-TAA] hybrid materials,
3D, —Fs transition of europium ions is the most prominent.
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Figure 5 The excitation and emission spectra of SmW10-IM-[ZADTb-TAA]

Figure 5 shows the luminescence spectra of SmW10-IM-
[ZADTb-TAA]. A broad band (250-330 nm) centered at 298 nm can
be observed in the excitation spectrum, which is due to the LMCT of
O—W of SmW10. The characteristic transitions of Sm®" and Tb**
are checked. The emission spectrum monitored at 292 nm shows a
strong band from 330 to 480 nm centered at 396 and 410 nm to the
host of ZA. Other two sharp bands at 490 and 546 nm due to the
transition of °D,—'Fs and *D,—’Fs, respectively. The transition
*Gs—°Hsp, *Gsp—°Hyp, *Gsp—°Hoy, and *Gs,—°Hyyp; result in the
characteristic wide peak of 564, 600, 646 and 709 nm. Among these
emission bands, the transition *Gs,,—°Hs), has the highest intensity.
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Figure 6 The excitation and emission spectra of hybrids DyW10-IM-
[ZADEu-TTA] (a) (Aem = 484 nm, Ae = 280 nm) and DyW10-IM-[ZADTb-
TAA] (b) (Aem = 484 nm, Ao = 292 nm)

The luminescent data of DyWI10-IM-[ZADEu-TTA] and
DyW10-IM-[ZADTb-TAA] are shown in Figure 6. The excitation
spectrum of DyW10-IM-[ZADEu-TTA] in Figure 6 (a) is measured
by monitoring the "Fo,—°H)s), transition at 484 nm. A narrow band
from 250-300 nm is lower than the strong broad band from 300-450
nm, implying that the relative intensity of characteristic excitation
lines of the Eu®" and Dy*" f—f transitions is more intense than the
LMCT of O—W of DyW10. The appearance of band centered at 371
nm may be probably related to a superposition with host broad
emission as well. Emission spectrum shows a weak wide band from
320-450 nm and five bands of emission transitions. DyW10 leads to
the split of "Fo,—SH;s/, "Fo;—°H, 3, transitions. The transitions at
"Fo,—°H,s;; divide from 578 to 583 nm, another transition
"Fg,—°H 3, break into emission region from 480 nm to 486 nm.
And the characteristic transition of Eu®" at 614, 655 and 701 nm
ascribed to the transition of °Dy—’F,, *Dy—'F; and °Dy—’F,,
respectively. Figure 6 (b) exhibits the luminescence spectrum of
DyW10-IM-[ZADTb-TAA]. A weak band from 250-310 nm
attributed to the LMCT of O—W of DyW10. Another strong band
from 310 to 440 nm is corresponded to the emission of ZA and the
interaction between TAA. A complicated emission spectrum
monitored at 292 nm is composed of a broad weak band from 330 to
450 nm located in visible region, and five characteristic strong peaks.
The blue luminescence at 484-495 nm is ascribed to the split of
"Fg,—°H,s), transition in DyW10. Among these emission bands, the
transition "Fo,—°H;3, has the highest intensity located at 574 nm
due to blue shift phenomenon appears. Moreover, the characteristic
emission lines of Tb** (545 nm, *Dy—’Fs; 622 nm, *Dy—'F;) can be
observed.

Figure 7 shows the luminescence spectra of lanthanide hybrids
based with ZL. The excitation spectrum of EuW10-IM-[ZLOTb-
TAA] (Figure 7 (a)) is shown by monitoring the *Dy—’F, transition
at 613 nm. A broad band ranging from 250 to 355 nm centered at
272 nm and 318 nm can be observed, which can be ascribed to the
LMCT of O—W for the energy transfer from TTA to the Eu’" ions.
Several sharp absorption lines are assigned to transition of Eu®" at
362 nm ("Fy—°Dy), 376 nm ("Fy—>Gy), 381 nm ("F—>G3), 394 nm
('Fy—’F), 416 nm ("Fy—°D;) and 464 nm ("Fy—"D,), respectively.
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The emission spectrum is monitored by excitation at 318 nm. The
corresponding emission spectrum consists of several prominent lines
at 490, 545, 582, 592, 614-621, 634, 654, 693-703 nm. Tungstate
leads to the split of *Dy—'F,, *Dy—'F, transitions (EuW10). The
transition *Dy—'F, at 613 nm is divided from 614 to 621 nm,
another transition *Dy—F, at 700 nm split from 693 nm to 703 nm.
In the emission spectrum, the characteristic emissions of Eu*" (582
nm, *Dy—"F; 593 nm, *Dy—’F;; 654 nm, *Dy—F;) and Tb>" (490

nm, *Dy—"Fg; 545 nm, *D;—'Fs; 634 nm, *D,—'F;) can be observed.

The EuW10 have an important influence on width, position and
shapes of the luminescent peaks. The luminescence features of
TbW10-IM-[ZLoEu-TTA] (b) are presented in Figure 7 (b). In the
excitation spectrum, a broad band centered at 318 m with a shoulder
at 277 nm was observed, which is the characteristic absorption of
TTA due to the =—n* electron transition and the shoulder is ascribed
to the ligands-metal charge transfer (LMCT) of O — W. The
characteristic transition of Eu** and Tb>" can be observed, as well. In
the emission spectrum, characteristic transition of Eu®’ (589 nm,
’Dy—Fy; 613 nm, *Dy—"F,; 654 nm, *Dy—'F3; 701 nm, Dy—"F,)
and Tb®" (489 nm, D,—'Fs; 544 nm, D,—'Fs) are observed,
respectively.
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Figure 7 The luminescent spectra of hybrids EuW10-IM-[ZLOTb-TAA] (a)
and TbW10-IM-[ZLDEu-TTA] (b)

Furthermore, the corresponding CIE coordinate diagrams of the
hybrid materials are shown in Figure 8 and Figure S3. Figure 8 (a)
for SmMW10-IM-[ZADTb-TAA] (A = 285 nm) is situated in the

6 | J. Name., 2012, 00, 1-3

white region, whose CIE coordinate is x = 0.3095, y = 0.2774.
Figure 8 (b) for TbWI10-IM-[ZLDEu-TTA] emits close white
luminescence, whose CIE coordinate is in the warm white region,
which is useful for lighting. For EuW10-IM-[ZADEu-TTA] hybrids
in Figure 8 (c), the dominant emission of Eu’* produces the
luminescent color in red region (0.6578, 0.3357). Figure 8 (d) for
TbW10-IM-[ZADTb-TAA] is located in green region, whose CIE
coordinate is x = 0.2959, y = 0.5793. The intense emission of Tb*>" is
of benefit for the green light output. Other six materials are
composed of two kinds of lanthanide ions, zeolite, ILs and ligands,
which show a variety of different colors. Figure S3(a) and Figure S3
(b) show the selected CIE diagrams for EuW10-IM-[ZADTb-TAA]
(x=0.5517, y = 0.364) and EuW10-IM-[ZLOTb-TAA] (x = 0.4622,
y = 0.4839), respectively, both of which show strong emission of the
EuW10. The luminescence color is in the orange region and yellow
region, respectively. Figure S1 (c) and (d) show the selected CIE
diagrams of TboW10-IM-[ZADEu-TTA] (x = 0. 41, y = 0.4814) and
TbW10-IM-[ZLoEu-TTA] (x = 0.4076, y = 0.5075), as a result of
dominant emissive TbW10 and Eu®", whose luminescence color are
green-yellow light. For SmW10-IM-[ZADTb-TAA] (e) and DyW10-
IM-[ZADTb-TAA] (f), whose CIE coordinates [(x = 0.5962, y =
0.3301) and (x = 0.2869, y = 0.3496)] are in the pale green and
orange region, respectively, which is useful for LED. However, by
adjusting different components of the materials, we can finally
realize the tuning and integration of various luminescence colors.

0.0 0.1 ; )
Figure 8 The selected CIE diagrams of hybrid materials: SmW10-IM-
[ZADTb-TAA] (a), TbWI10-IM-[ZLDEu-TTA] (b), TbW10-IM-[ZADEu-
TTA] (c) and TbW10-IM-[ZADTb-TAA] (d)

0.2 03 04 05

The outer luminescent quantum efficiency and the luminescent
lifetimes of these nine luminescent hybrids are measured, whose data
are given in Table 1. It is worthy pointing out that it is hard to show
the apparent rule of these multi-component hybrids for they possess
complicated composition and different luminescent centers. Here
we can only give some comparison from the data. For luminescent
lifetimes, EuW10 hybrids present the longer lifetimes than TbW10
hybrids and especially much longer than SmW10 and DyW10 ones.
This is in agreement with the luminescent parent LnW10 themselves,

This journal is © The Royal Society of Chemistry 2012
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which is due to the existence of internal energy level between the
first excited state and ground state of Sm*" and Dy** to produce the
non-radiative energy transfer process. In addition, no apparent
distinction can be found for same LnW10 hybrids, whose lanthanide
complexes have no big influence on the lifetimes of the whole
system. On the other hand, it is even difficult to compare the
luminescent quantum efficiencies of these hybrids. Similar to
lifetimes of them, EuW10 hybrids possess the highest quantum
efficiencies, higher than other hybrid system. In addition, the
distinction of hybrids with different zeolite and ligand is not
apparent.

Table 1 The luminescence data of the hybrid materials.

Materials Aex (Aem) 7 (us) 7 (%)
EuW10-IM-[ZADEu-TTA] 613 (279) 667 43 %
EuW10-IM-[ZADTb-TAA] 613 (317) 419 31 %
EuW10-IM-[ZLOTb-TAA] 613 (318) 685 49 %
TbW10-IM-[ZADEu-TTA] 545 (282) 140 8.3 %
TbW10-IM-[ZLoEu-TTA] 545 (276) 159 22 %
TbW10-IM-[ZADTb-TAA] 545 (285) 154 18 %
SmW10-IM-[ZADTb-TAA] 600 (292) 57 7.0 %
DyW10-IM-[ZADEu-TTA] 484 (280) 65 11 %
DyWI10-IM-[ZADTb-TAA] 484 (292) 63 13 %

7, the luminescent lifetimes ; 7, the emission quantum efficiency.
Conclusions
In summary, ionic liquids exchanged lanthanide

polyoxometalates and lanthanide beta-dieketonates functionalized
zeolite A/L are assembled through the inside-outside double
modification paths to nine kinds of multi-component photofunctional
hybrid materials. IM" behaves as a bridge to connect the lanthanide
polyoxometalates and functionalized zeolite A/L and all these
constitutional units are chemically linked in the whole stable hybrid
system. These hybrids exhibit strong characteristic luminescence of
different lanthanide species, whose various light color and favorable
luminescent lifetime or quantum efficiency can be expected to have
potential application in practical fields.
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A novel inside-outside double modification path is used to functionalize ZA/L to construct multi-component hybrids presenting

multi-color luminescence.
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Figure S1 XRD patterns of zeolite A (a) and zeolite L (b) from 5-60 ° in a 20 range
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Figure S2 The selected FTIR spectrum of SmW10-IM-[ZADEu-TTA]
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Figure S3 The selected CIE diagrams of EuW10-IM-[ZADTb-TAA] (a), EuW10-IM-[ZL>Tb-TAA]

(b), TbW10-IM-[ZADEu-TTA] (c), TbW10-IM-[ZLoEu-TTA] (d), SmW10-IM-[ZADEu-TTA]
(e) and DyW10-IM-[ZADTb-TAA] (f)



