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Introduction

Zeolites can host a great variety of photochemically and
photophysically active guests. An increased chemical or
thermal stability of the inserted species can often be ob-
served in such host–guest materials. Therefore, they have at-
tracted considerable interest for constructing novel materials
designed at nanosized level and they are of particular inter-
est in the area of optical materials for which predefined dis-
tances or a specific spatial pattern of the guests is required
to obtain a desired optical response.[1] Further functionalities
can be added by assembling such host–guest systems into
well-defined macroscopic structures on various supports.[2–6]

The versatility of pore structure and morphologies provided

by different types of zeolite offers many possibilities for the
design of host–guest systems with specific properties.[7]

Among them, zeolite L crystals have played a great role in
the construction of host–guest systems due to their special
structures.[8] Zeolite L is a crystalline aluminosilicate in
which corner-sharing SiO4 and AlO4 tetrahedra produce
one-dimensional channels arranged in a hexagonal struc-
ture.[9] The channels have a smallest free diameter of about
0.71 nm, the largest diameter inside is 1.26 nm. The distance
between the centers of two neighboring channels is 1.84 nm.
Many different guest species, including neutral and cationic
organic dyes, have been incorporated into the one-dimen-
sional channels of zeolite L crystals.[10] Photonic antenna ma-
terials have been obtained by inserting two or three differ-
ent type of dyes in which the donors are either located in
the middle of the zeolite channels and the acceptors at the
end or vice versa.[8]

Complexes between lanthanides and organic ligands (es-
pecially Eu3+ diketonate and Tb3+ heterocyclic complexes)
have long been known to give intense emission lines upon
UV-light irradiation, because of the effective intramolecular
energy transfer from the ligands to the central lanthanide
ions. The importance of lanthanide ions is related to the par-
ticularities of their luminescence, that is, long decay times
and narrow-band emission. The organic ligand not only pro-
tects the metal ions from vibrational coupling, but also in-
creases the light absorption cross section by the “antenna
effect’’.[11] A few reports concern different Ln3+ species, in-
cluding lanthanide complexes, embedded in zeolites, mainly
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Faujasites.[12] Little attention has been paid to the insertion
of organolanthanide complexes into the channels of zeoli-
te L, despite of the fact that zeolite L seems currently to be
the only nanochannel material that can be synthesized in a
size range starting from about 30 nm up to several thousand
nm and with crystals of different morphology ranging from
discs to elongated cylinders.[13] Recently we and others have
focused on the insertion of lanthanide complexes into the
nanochannels of zeolite L crystals.[14]

Unfortunately, leakage of the guest species from the
nanochannels of the host–guest materials is often observed
when used in solution because the inclusion of the guest
species is a thermodynamically reversible process. It has
been reported recently that coating the dye-loaded zeolite L
initial with polyelectrolyte (e.g., poly(allylamine hydrochlo-
ride) (PAH) and and poly(vinylpyrrolidone) (PVP)) and
subsequently with a silica shell by means of sol–gel process-
es can block the entrances of nanochannels of the zeolite
and thus can prevent the leakage of the dyes from the nano-
channels.[15] Furthermore, there are some other advantages
of the silica shells, including stability of aqueous dispersions,
biocompatibility, and easy modification through the co-con-
densation of siloxy-derived molecules.[16]

We report herein the preparation of luminescent lantha-
nide complexes loaded zeolite L/silica core-shell composite
following the procedure reported in reference [15]. We also
demonstrate the ability to further functionalize the core-
shell composite for the luminescence sensing of dipicolinic
acid (DPA), which is a major constituent of many pathogen-
ic spore-forming bacteria. To the best of our knowledge, this
is the first report of luminescent lanthanide-loaded zeoli-
te L/silica core-shell composite and their use in the detec-
tion of DPA. The synthesis principle is summarized in
Scheme 1.

Results and Discussion

Insertion of europium ACHTUNGTRENNUNG(III) complex into the nanochannels
of zeolite L crystals by gas diffusion of 2-thenoyltrifluoro-
acetone (TTA) to europium ACHTUNGTRENNUNG(III)-exchanged zeolite L leads
to luminescent microporous hybrid materials 1. TTA was
chosen, since b-diketone ligands are known to be very effi-
cient sensitizer for europium ACHTUNGTRENNUNG(III) ions.[17] Figure 1 shows the

excitation and emission spectra of 1. The excitation spec-
trum, obtained by monitoring the 5D0!7F2 transition at
612 nm, displays a broad excitation band ranging from 250
to 400 nm, which may result from the p!p* transitions of
the organic ligands. The absence of intra-4f6 transitions in
the excitation spectrum indicates that an energy transfer
occurs from the ligands to the central Eu3+ ions. Excitation
of the ligands (337 nm) leads to sharp emission peaks arising
from transitions between 5D0!7FJ crystal-field components
(J= 0, 1, 2, 3, 4) with the hypersensitive transition 5D0!7F2

as the most prominent line, suggesting that the europium-ACHTUNGTRENNUNG(III) ion sites are indeed without a center of inversion. The
typical red color of europium emission is mostly attributed
to the strongest transition 5D0!7F2 centered at 612 nm. The
intensity ratio (R) of 5D0!7F2 line with respect to that of
5D0!7F1 line for 1 is 9.9. It is known that the R value can
be considered as a parameter to probe the “asymmetry” of
the europiumACHTUNGTRENNUNG(III) sites.[18] It has been generally accepted
that the asymmetry parameter becomes larger as the inter-
action of europium ACHTUNGTRENNUNG(III) with its neighbors becomes stronger
and the europium ACHTUNGTRENNUNG(III) site symmetry becomes lower.[19]Here
the R value is about 9.9, indicating that the local surround-
ing observed in our sample is highly asymmetric if taking
into account that R value reported for europium ACHTUNGTRENNUNG(III) ions in
aqueous solution, in which they are directly coordinated to
8–9 water molecules, is 0.43.[20]

Coating the silica shell on microporous hybrid material 1
following the procedure reported in reference [6] produces
the core-shell hybrid material 2. The formation of the silica
shell was obsereved by SEM (Figure 2). After the growth of

Scheme 1. Illustration for the preparation of 1, 2 and 3 and the principle
for DPA detection.

Figure 1. Excitation (dotted line) and emission (solid line) spectra of
hybrid material 1. The excitation spectrum was obtained by monitoring
at 612 nm, the emission spectrum was obtained by excitation at 337 nm.
Both spectra were obtained at room temperature.
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silica coating, the bases of the disc-shape zeolite L crystals
become much smoother compared to those of the bare zeo-
lite L crystals as revealed in Figure 2. The formation of
core-shell structure can also be proved by the XPS analysis
of the silica-coated sample 2. The measured molar ratio of
Al/Si for hybrid material 1 is very close to the calculated
value (1:3, (M)9[Al9Si27O72]·nH2O), whereas this value for
hybrid material 2 is 0, implying the existence of an SiO2

shell on the surface of zeolite L crystals. More evidence
comes from the fact that the peak corresponding to alumi-
num oxide has disappears (Figure 3), which indicates that
the silica-shell-coat on the zeolite L crystals might be thicker
than 4–5 nm.[15,21]

Figure 4 presents the excitation and emission spectra of
hybrid material 2. No significant changes were observed in
the emission and excitation spectra between microporous
hybrid materials 1 and 2 as shown in Figures 4 and 3. To in-
vestigate the protection of the guest species in the nano-

channels of zeolite L crystals, UV/Vis measurements of su-
pernatant solutions from hybrid materials 1 and 2 in ethanol
after 20 h of stirring were performed and the absorption
spectra are presented in Figure 5. As revealed in Figure 5 a,
the strong and broad band in the absorption spectrum of su-
pernatant solutions from 1 can be ascribed the absorption of
TTA released from the nanochannels of zeolite L, in which
the end entrances of the channels are open and allowed for
the outlet of guest species; on the other hand only very
weak and neglectable absorption band can be observed for

Figure 2. SEM images of hybrid material 1 ACHTUNGTRENNUNG(left) and 2 ACHTUNGTRENNUNG(right).

Figure 3. XPS spectra of a) hybrid material 1 and b) hybrid material 2.

Figure 4. Excitation (dotted line) and emission (solid line) spectra of
hybrid material 2. The excitation spectrum was obtained by monitoring
at 612 nm, the emission spectrum was obtained by excitation at 337 nm.
Both spectra were obtained at room temperature.

Figure 5. Absorption spectra of the filtered supernatant solutions after
24 h of stirring of a) hybrid material 1 and b) hybrid material 2.
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hybrid material 2. However, the emission intensity of 2 is
almost as the same as that of 1, despite the complicated
treatment during the preparation procedure, while the emis-
sion intensity of 1 was significantly decreased when treated
according to the procedure used in the preparation of 2 but
without addition of PAH, PVP, and TEOS (Figure 6). This
could be ascribed to isolation of the zeolite system from the
external environment through an impermeable silica coating
in which the polyelectrolyte layers act as steric and electro-
static barriers.[15,22]

Further function of the new luminescent microporous
hybrid materials with a silylated TTA-Tb led to 3, which can
be used as luminescence probes for anthrax and other bacte-
rial spores by complexing to DPA, which is a major constitu-
ent of many spore-forming bacteria.[16, 23] Hybrid material 3
only shows europium ACHTUNGTRENNUNG(III) luminescence and no emission
from terbium ACHTUNGTRENNUNG(III) is found when excited at 278 nm, because
TTA could not sensitize the luminescence of terbium ACHTUNGTRENNUNG(III).
The europiumACHTUNGTRENNUNG(III) complex from inside the nanochannel of
zeolite L crystals encapsulated in the silica, as an internal
calibration, is protected from the external influences such as
solvents, providing a stable reference signals. Terbium ACHTUNGTRENNUNG(III)
luminescence became clearly visible upon the addition of
DPA to an ethanolic dispersion of 3 due to the formation of
the Tb–TTA–DPA complex. The intensity of terbium ACHTUNGTRENNUNG(III)
luminescence is increased upon addition of the increasing
concentration of the DPA, whereas no significant changes
were observed for the intensity of europium ACHTUNGTRENNUNG(III) emissions
as revealed in Figure 7. It is worth noting that the terbium-ACHTUNGTRENNUNG(III) can still be detected even at the relatively low concen-
tration of DPA (0.05 mm).

Conclusion

In summary, a novel core-shell organic–inorganic hybrid ma-
terial displaying characteristic features of europium ACHTUNGTRENNUNG(III) was
obtained by coating europium ACHTUNGTRENNUNG(III)-loaded zeolite L crystals

with silica; these shells prevent the leakage of TTA from
the channel. The core-shell material was further functional-
ized with terbium ACHTUNGTRENNUNG(III) complexes for the detection of DPA,
an important molecular marker in spore-producing bacteria.
This study also extends the application of zeolite L based
hybrid materials to the field of biosensors. Owing to the ver-
satility of zeolite crystals and the luminescent dyes, the pres-
ent approach should allow for the synthesis of novel core-
shell hybrid materials for future sensing. For instance, Lu
and co-workers[24] have developed a highly sensitive of the
europium-based sensor for CaDPA. In all probability, novel
systems in which luminescent dyes (e.g., pyronine (Py+ )[25])
for the calibration loaded inside the nanochannel of zeoli-
te L and [Eu ACHTUNGTRENNUNG(EDTA) ACHTUNGTRENNUNG(H2O)3] anchored onto the silica shell
may be developed as a luminescent probe for DPA detec-
tion. The advantage of zeolite L compared to silica is that it
can prevent the self-aggregation of dyes and superimpose a
specific organization (e.g., the anisotropic intense lumines-
cence[15]) with a high concentration of monomers.[26] These
studies are in progress in our lab.

Experimental Section

Materials : Pure zeolite L crystals were synthesized and characterized as
described previously.[13] Disc-shaped crystals (1 mm� 0.2 mm) and nano-
sized crystals (100 nm) were used in this study. The potassium exchanged
form was used. 2-Thenoyltrifluoroacetone (TTA) was purchased from Al-
drich and used as received. Si–TTA was synthesized according to the re-
ported procedure.[27] TbCl3·6 H2O and EuCl3·6H2O were obtained by dis-
solving Tb4O7 and Eu2O3 in concentrated hydrochloric acid. Europium-ACHTUNGTRENNUNG(III)-exchanged zeolite L(Eu3+-ZeoL) crystals were prepared as de-
scribed in reference [14].

Preparation of 1: The Eu3+–ZeoL was degassed and dried for 2 h at
423 K and then kept in contact with the TTA vapor at 393 K for 24 h.
The resulting material (1) was washed with CH2Cl2 for three times in
order to remove only physically adsorbed TTA, and dried at 408C in
vacuum for 12 h.

Preparation of 2 : Material 2 was prepared according to the procedure de-
scribed in reference [6] as follows. Material 1 (10 mg) was dispersed in
deionized water (10 mL) and added dropwise under vigorous stirring to
aqueous PAH previously sonicated for 20 min (2 gL�1, 10 mL). Stirring
was continued for 3 h and the resulting mixture was centrifuged at
4000 rpm for 20 min to remove excess PAH and redispersed in deionized

Figure 6. Emission spectra of hybrid materials 1 (magenta), 2 (black) and
1 (red) upon treatment according to the procedure used in the prepara-
tion of 2, but without addition of PAH, PVP and TEOS.

Figure 7. Fluorescence response of 3 upon addition of different concen-
tration of DPA. (lex =278 nm).
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water (10 mL). The suspension was mixed with aqueous PVP (4 gL�1,
20 mL) and stirred overnight. The mixture was centrifuged and the pre-
cipitate was redispersed in ethanol (15 mL). Ammonia (1 mL, 25% in
water) was then added under vigorous stirring, and finally TEOS
(0.01 mL) was added under stirring. The mixture was allowed to react for
3 h and was then centrifuged. The resulting material (2) was dried over-
night.

Preparation of 3 : Si-TTA (30 mg) dissolved in THF (1 mL) was added
dropwise to an aliquot of suspension of 2 (60 mg) in ethanol (26 mL)
under stirring. The resulting mixture was stirred at room temperature for
16 h, and the material was recovered by centrifugation, was washed three
times with THF, and was redispersed in ethanol (5 mL). The pH of the
suspension was adjusted to approximately 8 by addition of an appropriate
amount of aqueous ammonia. Then TbCl3 in ethanol (2.5 mL, 0.12 m) was
added and the reaction was continued for 5 h to yield 3, which was isolat-
ed by centrifugation and washed for three times with ethanol and dried
at 60 8C overnight.

Luminescent detection of dipicolinic acid : An aqueous solution of dipico-
linic acid (DPA) sodium salt was added to the suspension of 3 in ethanol
(1 mg mL�1), the concentration of DPA was incrementally increased from
0.05 mm to 150 mm. After each addition, the sample was excited at
278 nm and the emission spectrum was recorded.

Characterization : SEM images were obtained from a FE-SEM (Hitachi
S-4300) at an acceleration voltage of 10 kV. TEM was carried out with a
JEOL 2000-FX transmission electron microscope. The XPS measurement
was performed on a Perkin–Elmer PHI-1600 spectrometer with MgKa

(1253.6 eV) radiation.UV/Vis spectra were recorded on a VARIAN
CARY 50 UV/Vis spectrophotometer. The steady-state luminescence
spectra measurements were measured on an Edinburgh Instruments
FS920P spectrometer, with a 450 W xenon lamp as the steady-state exci-
tation source, a double excitation monochromator (1800 lines per mm),
an emission monochromator (600 lines per mm), and a semiconductor
cooled Hamamatsu RMP928 photomultiplier tube.
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