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Abstract

Luminescent materials derived from the functionalization of zeolite with lanthanide (Ln’"/zeolite)
constitute intense research topic since such materials combine the attractive properties (e.g., tunable
morphology, high stability, and low cost) of zeolite and unique optical properties of Ln’" ions (such as
sharp and long-lived emission in the visible to NIR region with high color purity). Starting from a short
summary on some preparation strategies of Ln’"/zeolite, this highlight article reviews state-of-the-art
research activities focusing on the improved visible and near-infrared (NIR) luminescence properties of
lanthanide in these systems, the design and utilization of Ln’"/zeolite as new building blocks for the
fabrication of multicolor oriented zeolite thin film, transparent zeolite-polymer hybrid materials and
luminescence sensors.
1. Introduction

Zeolites are microporous crystalline aluminosilicates consisting of [AlO4] and [SiO4] tetrahedra that
are connected to form a network of channels and cavities where cations, water and/or small molecules
may reside.'™ Zeolite crystals have been widely used in a broad spectrum of applications in catalysis,
ion-exchange and separation, due to their unique porous properties.” ® In recent years, they have
attracted considerable interest for the preparation of novel materials designed at the nanosized level and
they are of particular interest in the area of optical materials where pre-defined distances or a specific

spatial pattern of the guests is required to obtain a desired optical response.”'? Especially, by the

combination of the unique photophysical properties of Ln*" ions (such as sharp and long-lived emission

in the visible to NIR region with high color purity)'*"°

and attracting properties (e.g., tunable
morphology, high stability, and low cost) of zeolites, a variety of luminescent Ln’"/zeolite host-guest
materials are successfully prepared as new phosphors.'”** Up to now, the typical hosts used for Ln®"

ions or lanthanide complexes are two types of synthetic zeolites, including faujasite-type zeolite (i.e.
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7, 20

zeolite X and zeolite Y) and zeolite L.'" %27 In addition, there have been a few reports on

22,28-34

Ln**/zeolite A or ZSM-5-based host-guest materials.

(a)

1.26 nm

Zeolite XorY

Fig. 1 (a) Framework of faujasite-type zeolite X or Y. (b) Structure and morphology of zeolite L. Top
left: projection along c-axis, top right: side view of a 12-ring channel along the c-axis, down: scanning

electron microscopy images of ZL crystals with elongated and disc shape.

Zeolites X and Y with the cubic faujasite (FAU) framework structure (Fig. 1a), are the most important
zeolites for industrial applications, with two typical formulas: Nage[(AlO;)s6(S102)106]264H,0 for
zeolite X and Nase[(AlO,)s6(Si02)136]264H,0 for zeolite Y."> They are distinguished by their Si/Al
ratio (Si/Al < 1.5 for zeolite X, Si/Al > 1.5 for zeolite Y) and consequently by their Na* content.”> All
zeolite frameworks can be built by linking in a periodic pattern that is the tetrahedron. As a primary
building unit of zeolite, the tetrahedron depicted as [SiO4] and [AlO4] is formed by the center atoms
(such as Si' and Al"™) with relatively low electronegativities and the oxygen atoms locating at the
corners.*® In term of zeolites X and Y, the tetrahedral connection of [SiO4] and [A1O4] produces a cubic
FAU framework structure consisting of two different types of cages: the sodalite cage (f-cage) and the
supercage (a-cage). The sodalite cage, with the internal diameter of 0.66 nm and square and hexagonal
faces, is the basic building block of this zeolite. The supercage, which is the largest cage with the
diameter of 1.2 nm, is created by eight sodalite cages.’” The large channels and cavities of the faujasite
structure allow for the adsorption of a relatively numerous organic molecules.”> As a representative
example of the early investigation, Kynast and co-workers’ successfully achieved Ce*"-doped zeolites X

and Y and studied their optical properties in 1994. Efficient broad ultraviolet (UV)-emission with
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extremely high quantum yields up to 99% was observed for Ce’” ion encapsulated in zeolites X and Y
due to the allowed nature of the electronic f-d transitions within Ce’" ion, thus opening exciting
expectations for optical and medical applications.

Zeolite L (ZL) is a crystalline aluminosilicate in which corner-sharing [SiO4] and [AlO4] tetrahedra
produce one-dimensional (1D) channels arranged in a hexagonal framework structure as shown in Fig.
1b.*® These 1D channels, strictly parallel to the c-axis of ZL crystal, run through the whole crystal. The
stoichiometry of ZL is (M")o[(AlO)o(Si05),7]*nH,0, where M" are monovalent cations compensating
the negative charge resulting from the aluminum atoms and n is 21 in fully hydrated materials and 16 at
about 22% relative humidity.*® The channels of ZL with a unit cell length of 0.75 nm have a smallest
diameter of about 0.71 nm, and the largest internal diameter is about 1.26 nm. The distance between the
centers of two channels is 1.84 nm. Each ZL crystal consists of a large number of channels, in which
suitable guests can be incorporated. It has been synthesized in a size range starting from about 30 nm up
to more than 20 pum as elongated, barrel, and disc-shaped crystals.”® ZL was originally studied for
catalytic applications.” Recently, it has attracted important interest as a host for preparing hybrid
materials, and much research work on dye/ZL host-guest materials has been done by Calzaferri and co-

38,40
workers.”™

They have made significant contribution in studying their intriguing optical, photochemical,
and photophysical properties.'® **** Through supramolecular organization of dyes into the channels of
ZL, extremely high concentrations of monomeric dye molecules can be nicely achieved, owing to the
geometrical constraint of the ZL framework.*® In addition, the confined molecules can be well protected
from chemical attack, photobleaching or thermal decomposition.* Furthermore, ZL crystals show a very
important property of different reactivity between the base and the coat because of their hexagonal
structure, which allows for the selective modification of base or coat by carefully designing the reaction
conditions and using crystals with the right morphology.* Considering the merits of ZL crystals and
encouraged by the promising results from Ln’" species in other zeolites, we have developed a series of
host-guest materials based on ZL crystals and Ln’" species.'” *** 2 ** The advantages of ZL instead of
other zeolites and silica are: 1) the size of ZL crystal can be synthetically tuned from 30 nm to 20 pm
with different morphologies, ranging from discs to elongated cylinders, for the use in different

experiments, 2) the hexagonal structure of ZL crystal has strictly parallel one-dimensional channels, and

3) the facile functionalization the surface of ZL with targeting groups.
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Fig. 2 Schematic illustration of Ln’"/zeolite host-guest materials with unique properties for the

construction of various hybrid systems.

In this review article, we present an overview of the preparation methods, luminescent properties and
hybrid systems of host-guest materials obtained from Ln’'-functionalized various microporous
crystalline aluminosilicate crystals reported in the last two decades (Fig. 2). We firstly introduce how
Ln’*/zeolite materials can be prepared. Then we demonstrate the very distinguished luminescence
performance of these materials and explain why the luminescent properties of Ln®* species incorporated
in zeolite crystals can be strongly improved in visible and NIR spectral regions. In view of the most
research work contributing to the studies of luminescent properties of Ln>/zeolite host-guest materials,
herein, we specially highlight the development of Ln’/ZL as versatile building blocks for the
fabrication of multicolor oriented zeolite thin films, transparent zeolite-polymer hybrid materials and
luminescence sensors in our laboratory. The microenviroment in the channels of ZL as well as its
influence on the luminescence behavior of encapsulated lanthanide complexes have also been discussed.
As an analogy of lanthanide-containing zeolite, lanthanide metal organic frameworks (LnMOFs) are an

4547

intensive research field and have been well summarized in several excellent reviews, which are

therefore not included in this review.
2. Preparation

The encapsulation of Ln* species into the cavities and channels of zeolite crystals can be achieved by

7,48 27,49
d, d

ion exchange for only pure Ln’" ions involve or by direct physisorption metho or an in situ
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synthesis inside the zeolite voids called “ship-in-a-bottle” method'” '*?° for lanthanide complexes. Pure
Ln’"-exchanged zeolites can be easily synthesized by stirring a zeolite suspension in an aqueous solution
containing an excess of lanthanide (III) salt (such as lanthanide nitrate or chloride) at a suitable pH at
room temperature or under heating conditions.’® Lanthanide ions can replace the exchangeable cations
such as Na' or K' that compensate the negatively charged framework due to the isomorphical
substitution of a silicon atom by an aluminum atom. Except for a few rare pure Ln*"-exchanged zeolite
samples with high luminescence quantum yields (QY),” most of them usually exhibit poor emission
intensity owing to their low absorption efficiency resulting from the forbidden nature of the f-f transition
of the Ln®" ions, which leads to that they were used as a probe to obtain information on the structure and

the environment inside the cages in which the cations are located rather than luminescent materials.*"**-

51-53 : . . . o
There have been some effective ways, such as co-doping diverse ions or calcination process after

ion exchange, to strongly improve the luminescence efficiency of Ln’"-exchanged zeolite.”® % >+
Borgmann et al.>* firstly described the phase transformation of Ln*"/molybdate ions co-doped zeolite X
into the highly luminescent sodalites with QY > 50% after the thermal treatment at 1000 °C. Normally,

high temperature is demanded to produce high luminescence efficiency.
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Fig. 3 Ship-in-a-bottle synthesis procedure used for the preparation of Ln’'(bpy),-ZL host-guest

materials; the yellow balls are Ln®" ions."'

An alternative strategy, typically called “ship-in-a-bottle” method,'® >’ is to in situ coordinate the Ln®"
ions confined in the cavities of Ln’"-exchanged zeolites under the rigorous exclusion of moisture in a
sealed container by the use of organic ligands with large molar absorption coefficients for improving the
luminescence efficiency of Ln*" via the so-called “antenna effect”.'® ® This name is derived from an
artistic bottle incorporating a ship that is bigger than the neck of bottle. In the field of chemistry, it
means the in situ synthesis of compounds as guest materials confined in a host material. This can be
achieved by inserting adequately small molecules and ions into the cavities of the host and then allowing
further reaction until the product is too large to escape the cavities.® A variety of efficient light-emitting

lanthanide complex/zeolite materials in visible and NIR regions have been synthesized in the different
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zeolite frameworks.'! ' 18 20- 21 61 2 wang of /' prepared luminescent host-guest materials by
insertion 2,2’-bipyridine (bpy) into the channels of Eu*"/ZL and Tb*"/ZL. The procedure is illustrated in
Fig. 3. The lanthanide complexes Eu’'(bpy), and Tb*'(bpy), are formed in the channels of ZL,
respectively. A large gain in luminescence intensity is observed after the incorporation of bpy due to the
energy transfer from the bpy to Ln’" ions. Most importantly, the encapsulated luminescent complexes
show remarkably improved thermal stability. Upon heat treatment of Tb’'(bpy),-ZL and pure
Tb3+(bpy)2C13°2HgO complex in air at 400 °C for 4 h, the Tb3+(bpy)n-ZL host-guest material still
displays the green emission with the characteristic four strong and narrow lines, while most of the
narrow lines for the pure Tb>(bpy),Cl3*2H,0 complex have disappeared. This indicates that the
lanthanide complex inside ZL is stable up to 400 °C, but the pure Tb> (bpy),Cl3»2H,O complex has
completely decomposed at 400 °C. Besides, pre-prepared lanthanide complexes can be directly
incorporated into the cavities of zeolites by a facile physisorption method.””” ** Some representative
samples of Ln’"/zeolite host-guest materials achieved by above-mentioned preparation methods with
different parameters including zeolite type, Ln’" ions, co-doped ions, organic ligands, emission spectral
region and QY are summarized in Table 1. The luminescence enhancement of Ln’*"/zeolite host-guest
materials by some key influence factors will be discussed in more details as the following independent

section.
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Table 1 Representative samples of Ln’"/zeolite host-guest materials achieved by different preparation

methods and parameters.

Preparation  Zeolite Ln’" Co-doped Organic Emission QY Ref.
method type ions ions ligands®  color (highest, %)
Ion exchange ZX/ZY Ce™ — — [9)% 99 !
ZA/ZSM-5/2Y  Ce*'/Tb*" — - green — 63
ZX b — — green — 48
zX Eu’'/Y?" MoOs” — red 55 >
ZX Ce* /T — — green 85 >0
zY Eu** — — red — o
A'S Nd** Ag’ — NIR — >
zY Er’ Bi’' — NIR — 0
ZY Er/Yb™ Bi’* - green/red — 66
ETS-10 Er’ — — NIR — o7
ZL Euv’’/Tb*" — —  blue/green/red 61 26
ZL Eu’'/Nd** Bi** — red/NIR 67 %
Physisorption ZY Eu’” - - red — 49
ZY/ZL Eu** — DBM red — 27
In situ ZY/ZSM/mor Eu’* —  Dbpy/btfa/phen/dpic red - 3
zY Nd** — PMS NIR 9.5 Y
zX Ev’'/Y" MoOs” — red 55 >
zX Nd&*'/Y*/La*/Gd* WO — NIR — Y
X Eu’* — ttfa/phen red - 8
ZX Eu’"/Tb*" — bzp/acbp  full-color 27.8 20
ZL Eu’/Tb" — bpy green/red - 1
ZL Er’ — DFB NIR 2.5 2!
7L Eu** — TTA/DBM/BPY/PHEN red 79.3 >
ZA Eu’"/Tb" — TTA/TAA  green/red/white 57.1 2

‘DBM=dibenzoylmethane; btfa=benzoyltrifluoroacetone; phen=phenanthroline; dpic=dipicolinic acid;
PMS=bis(perfluoromethylsulfonyl)amine; ttfa (TTA)=thenoyltrifluoroacetone; bzp=benzophenone;
acbp=4-acetylbiphenyl; DFB=decafluorobenzophenone; TAA=1,1,1-trifluoroacetylacetone.
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3. Luminescence enhancement of Ln**/zeolite in visible and NIR spectral regions
3.1 Thermal treatment

The luminescence efficiency of most purely Ln’"-exchanged zeolite crystals is very low, for instance,
quantum yield < 1% for pure Eu’"-doped zeolite X.'® Recent studies revealed that a low lying O—Eu®"
charge transfer (CT) transition of both hydrated and dehydrated samples are mainly responsible for the
low efficiency, which strongly deactivates the excited state of Eu’", along with the low QY also partly
resulting from the coupling of the Eu’" °D, state with high-energy vibrations of OH species, such as

water molecules in the zeolite caVity.B’ 18

The enhancement of the luminescence by a suitable thermal
treatment is generally attributed to the dehydration,'® the migration of the Eu®" ions from the supercages
to the sodalite cages,”” and the phase transformation to the sodalities.'” >* Interestingly, a strong and
bright violet-blue emission color was observed upon irradiating the calcined Eu**/ZLs at 700 °C in air
under UV light (Fig. 4a).*® Emission spectrum reveals a strong broad band in the range of 350 to 450 nm
with maximum at 409 nm, and almost no sharp emission lines due to the *Dy—'F, (J=0-4) can be
observed. The band appears when the samples are annealed at 300 °C and the intensity of which
increases with the annealing temperature increasing from 300 to 700 °C. However, further increasing the
temperature leads to a decreased intensity. The violet-blue emission band is attributed to Eu®’ resulting
from the reduction of Eu’" located in the channels of ZL. The presence of Eu>" species in the channels of
ZL has been confirmed by XPS as reported by Ding ez al,*®® and they also found that the emitting color
of the annealed Eu’"/ZLs can be controlled by changing the solvents used in the washing step during
preparation of the samples. Eu*'/ZL crystals washed with deionized water or methanol followed by
calcinations at 700 °C produce strong violet-blue emission (Fig. 4b), whereas washed with ethanol can
make them bright red luminescence (Fig. 4c). The frameworks of ZLs play a vital role in protecting the
Eu’" species, since only red emission can be obtained when heating the sample at 1100 °C that cause the

collapse of the framework of ZLs (Fig. 4d).
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Fig. 4 Eu’"/ZL samples washed by solvents and calcined at different temperature: (a) washed with H,O
and calcined at 700 °C, (b) washed with EtOH and calcined at 700 °C, (¢) washed with MeOH and
calcined at 700 °C, and (d) washed with H,O and calcined at 1100 °C.

Near-infrared luminescent lanthanide materials, as efficient NIR light emitters, have presented
considerable potential for applications in optoelectronics and telecommunication technologies. Although
zeolite crystals have been used as excellent host materials for loading NIR Ln’" ions, it is difficult to
observe NIR luminescence for pure NIR Ln’"-exchanged zeolites, owing to the intensive nonradiative
relaxation of the excited states of the NIR Ln’" ions by the water molecules confined in the zeolite
cages.'?> However, upon calcination at high temperatures, microporous titanosilicate ETS-10 doped with

Er'" ions transforms into narsarsukite with strong NIR luminescence.®’ Mech et al.%’

recently reported
an efficient NIR emission in the annealed Er’*/ZL crystals, which is resulted from the energy transfer
from the excited oxygen vacancies generated during the annealing processing. The emission can be
finely excited in the whole near UV-VIS-NIR spectral range from 355 to 700 nm. This work shows us

the first step toward versatile, zeolite-based NIR sources that can be excited with white light (Fig. 5).
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Fig. 5 NIR photoluminescence spectra of the annealed Er’ /ZL sample recorded under Ti: Sapphire 360-

700 nm excitation range, with a power pulse of 200 mW.%

Interestingly, Bai and co-workers’® firstly observed a strong white-light emission from annealed pure
zeolite Y crystals under ultraviolet light excitation. As shown in Fig. 6a, all samples exhibit broad
emission bands covering the whole visible region, and the emission intensity of annealed zeolite samples
increases by raising annealing temperature from 100 °C to 500 °C. Further increase of annealing
temperature leads to the fast quenching of the emission (Fig. 6b). Meanwhile, the emission peak shifts
from 495 nm to 530 nm, and then returns to 500 nm. The strongest emission intensity appears at the the
annealing temperature of 500 °C with highest luminescence quantum yield of ~ 10% (Fig. 6b).
Moreover, the emission lifetime monotonously increases from 223 ps to 251 ps with increasing
annealing temperature from 100 °C to 700 °C. The origin of white-light emission is ascribed to oxygen
vacancies formed during the annealing process. These new findings make the annealed zeolites as

promising white-light emitting luminophores for solid-state lighting (SSL).

T T T T T T T T T T T T T T
(8)1 5 —2Z-100°C (b)eo i /- |
) ——Z-200°C = o

z | Z-300°C | = | |
g ——Z-400°C >
Qo

g 10 . Z-500°C s 40| i
£ f ——Z-600°C >
> o~ ‘©
= Z-700°C 2
2 @
5] £

£ 05F . 5 20r ’ -
T 8

(O] 4
. E

0.0 e E— 2 0 ./ \‘ -

1 L 1 I Il 1 1 L I 1 1 1 L 1 L
400 500 600 700 800 0 200 400 600
Wavelength (nm) Annealing temperature (°C)

10



Page 11 of 31 CrystEngComm

Fig. 6 (a) PL spectra of annealed zeolite Y at different temperatures upon excitation at 325 nm. (b)
Normalized intensity at peak position as a function of annealing temperature with respect to that of Z-
100 °C sample. The inset shows the photographs of the Z-100 °C (left) and Z-500 °C (right) samples

excited by 325 nm with a power density of 2 mW/cm?.”

3.2 Co-doping ions

Despite thermal treatment of Ln’'-exchanged zeolites, the total luminescence output remains
relatively low, owing to their weak absorption efficiency arising from the forbidden nature of the f-f
transition of Ln®>" ions. In order to enhance luminescence from Ln3+/zeolites, various ions, such as
Ce’ " % metalates (e.g., MoO4> and WO45),">* Ag",”” and Bi*",”> 7" have been co-doped into the
Ln’"-functionalized zeolites. By heat-treatment, the obtained multicomponent ions co-doped zeolites can
be converted into efficient luminescent materials showing strong luminescence. Recently, energy
transfer between Ce’” and Tb®" in zeolite X has been extensively studied by Kynast and co-workers.”
The Ce" ion can transfer the excitation energy to the Tb>™ ion with the energy transfer efficiency about
90% after the strong absorption of 254 nm light. The highest QY of 85% for Tb>* emission sensitized by
Ce’" can be achieved by excitation at 330 nm. Energy transfer from Ce’*—Tb’" can also take place in
zeolite Y, whereas no evidence for energy transfer can be found in ZSM-5 and zeolite A.%® In addition,
co-doping Eu’" and Tb*" in the same zeolite Y matrix followed by the thermal treatment at 800 °C has
demonstrated the multicolor luminescence, including blue (434 nm), green (543 nm), and red (611 nm)
colors.”” This luminescent material may give rise to potential applications in white light-emitting devices
and erasable optical storage.

As well known, owing to all inorganic bismuth compounds with a low melting point, bismuth-related
dissociation reactions in zeolite cages can happen upon calcination at a high temperature.” Moreover,
bismuth compounds tend to form agglomerates owing to bismuth migration in zeolite cages or channels.
When the samples are suddenly cooled down, the agglomerates can act as blocks for selectively closing
down the “in-out windows” of water molecules, i.e. Ln’** can be sealed in a low-vibrational environment
by bismuth agglomerates, which leads to strong and long-lived visible and NIR emissions.”> "' Sun et
al.® demonstrated that highly efficient and air-stable NIR (1531 nm) emission from annealed
erbium/bismuth co-doped zeolite Y crystals with long luminescence lifetime of 4.2 ms at 1531 nm,
which may be due to some Er’" ions sealed completely in the sodalite cages and hexagonal prisms

through bismuth agglomerates after thermal treatment of samples at 830 °C and water molecules mostly

11
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existing in the supercages without chance to interact with them (Fig. 7a). The results clearly revealed
that efficient NIR emission can be achieved at atmospheric circumstance by effectively separating Ln®"
ions from coordinated water in porous zeolite hosts, even a large number of water molecules trapping in
the samples. Similarly, Li and co-workers™ observed a strong red emission and NIR emission from
annealed Ln’" (Ln=Eu, Nd) and Bi** co-doped zeolite L crystals at 700 °C (Fig. 7b). Photoluminescence
studies reveal a lifetime of 1.93 ms and a °D, quantum efficiency (QY=66.98%) for Eu’" in the
Eu’"/Bi*"-ZL when excited into the absorption line of Eu’" at 395 nm. Besides, a longer lifetime of
0.196 ms for Nd®" in the annealed Nd**/Bi**-ZL has been obtained compared to values for Nd** in the
other zeolite host. Furthermore, the morphology and size distribution of ZL crystals are well-kept during
the synthetic process. The presented results show an important rational strategy for the design of
strongly visible and NIR-emitting zeolite-based materials, and these findings may pave the way for the

applications of Ln>" ions doped zeolite materials in different optical devices.

% Bismuth compound
Fig. 7 (a) Schematic drawing of the structure of Er’ /Bi** co-doped zeolite Y crystals annealed at high
temperatures.®® (b) Synthetic strategy of preparation of Eu’"/Bi**-zeolite L luminescent materials with

digital photo under UV irradiation (Amax=365 nm).”

Very recently, the upconversion (UC) fluorescence properties of Bi/Er/Yb co-doped zeolite Y crystals
are investigated by Bai and co-workers.®® Intense green and red emissions with emission peaks at 532

nm, 554 nm and 664 nm are simultaneously observed at room temperature. It is revealed that the UC
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emissions can be well tuned by the change of Yb>" concentration in zeolites. With the increase of Yb>"
concentration, the green and red emissions are enhanced about 5 and 243 times, respectively. Moreover,
the intensity ratio of red-to-green emission is increased from 0.26 to 12.2. The tuned emission originates
from an energy back transfer from Yb*" to Er’* ions. It is expected that the resulting intense single band
red emission of the Bi/Er/Yb co-doped zeolites will provide potential application for in vivo bioimaging.
3.3 Sensitized luminescence with organic molecules

The optical transitions of the lanthanide Ln’" ions involve 4f orbitals which are strongly shielded from
the chemical environment by 5s” and 5p° electrons. The f-f transitions are parity forbidden, which results
in very small absorption coefficients and slow emissive rates, as well as long-lived excited states and
line-like emission bands. As a consequence, it is unfavorable to directly excite the Ln>" ions.'"" '® To
overcome the difficulties of low light absorption of Ln®" ions, a variety of organic ligand molecules as
light collectors with large molar absorption coefficients have been introduced to sensitize Ln** ions for
greatly intensifying their typical emissions through the so-called “antenna effect”,'> °° which is a light
conversion process by means of an absorption—energy transfer—emission sequence involving distinct
absorption by a ligand (light collector) and emission by a Ln’" ion (light emitter).” The encapsulation of
organic sensitizers within diverse Ln’"-exchanged zeolites has frequently been achieved by means of the
in situ synthetic strategy, typically called “ship-in-a-bottle” method.'" ' 2* #* 3! Strong sensitized
luminescence of lanthanide complex/zeolite host-guest materials has been attained due to the effective
energy transfer from organic ligands to Eu’" or Tb*" or both Eu*" and Tb*" ions simultaneously within
the zeolite crystals. Consequently, the emission colors of the host-guest materials can be finely tuned by
changing the relative amounts of the Eu’" and Tb>" ions in the zeolite hosts. Wada er al.*® succeeded in
fine control of red-green-blue (RGB) photoluminescence from Eu’"/Tb*"-exchanged faujasite-type
zeolites by changing the amounts and ratios of Ln’" ions and the nature of the photosensitizers
(benzophenone or 4-acetylbiphenyl). Figure 8a demonstrates how the emission from such host-guest
materials can be tuned through energy transfer process between sensitizer molecules and Ln®" ions for
giving full-color performance. The emission intensity can also be tailored by the change of excitation
wavelength or the temperature. Ding et al.** loaded 4-fluorobenzophenone (FBP) molecules into the
channels of Ln’*/ZL (Ln=Eu, Tb or both Eu and Tb) through the gas diffusion method to achieve
luminescent host-guest materials. Strong sensitized luminescence has been obtained due to the effective
energy transfer from FBP to Eu’" or Tb®" or both Tb>" and Eu’" simultaneously within the crystal

channels. As a consequence of this, the emitting colors of the host-guest materials can be tuned by

13
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changing the relative amounts of the Eu’™ and Tb>" ions in the ZL microcrystals (Fig. 8b). They also
prepared host-guest materials, Eu’'(tta)y/ZL and Eu3+(tta)x(phen)y/ZL, by gas insertion of tta as well as
tta and phen within the channels of Eu’"/ZL, respectively. The lifetime of Eu’" is shown to be longer
than the Eu(tta);.3H,O complex, which is attributed to the inhibition of the nonradiative deactivation

pathways by confinement in the nano-cavities or channels of zeolites. Furthermore, improved
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Fig. 8 (a) Schematic diagram showing the mechanism for energy transfer process between sensitizer
molecules and Ln’" ions for giving full-color performance depending on the incorporated amounts of
Tb>" and Eu’" ions, the type of photosensitizers (benzophenone or 4-acetylbiphenyl), and the excitation
wavelength.”® (b) Sensitized luminescence of Eu’'and Tb*" ions through energy transfer from FBP
molecules with photographs of multicolor photoluminescence from the samples under UV irradiation

(Amax=254 nm).*

Er’*-doped materials are of high importance in optoelectronics and telecommunications because the
unique intra-4f transition 4113/2—>4115/2 around 1.54 pum corresponds to the window of minimum
attenuation in the silica-based optical fibers widely used in optical communications.”* However, the
weak light absorption ability of Er’” ions leads to inefficient emission from 4f levels under direct

excitation. The sensitization via the antenna effect for Er'’ is not as effective as for Eu’" and Tb>"
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emitting in visible region because Er’" ions are particularly susceptible to vibrational deactivation from
high-energy oscillators, such as C-H and O-H bonds typically contained in the ligand, coordinated
solvents and moisture.” It has been accepted that halogenated organic ligand can significantly increase
the quantum yield of the NIR emission of the complex. Nevertheless, the presence of halogenations in
organic ligands normally is detrimental for the structural stability of the complex.”* Mech and his co-
workers have developed an alternative to overcome the limitations (Fig. 9).' They inserted
decafluorobenzophenone (DFB) within the channels of Er'’/ZL crystals, which produce effective
luminescence around 1.54 pm with a longer lifetime of 0.21 ms via “antenna effect”, which is much
longer than that obtained by using partially fluorinated benzophenes as reported by the same group.*
The importance of this approach is that it can produce effective NIR luminescence without the formation

of stable complexes.

Fig. 9 Sketch showing the dimension of the ZL, and schematic illustration of the energy transfer

between DFB and the Er’" ions inside the nanochannel of ZL.%!

The insertion of organic normally was carried out under the rigorous exclusion of moisture in a sealed
container. Li ef al.”® recently reported a facile and effective way to improve the luminescence intensity
of Eu*'/ZL crystals by simple surface modification of them with silylated molecules (TTA-Si)
consisting of a reactive siloxane group and a light absorbing moiety with the ability to coordinate and
sensitize Eu’" jons. The modification can easily be achieved by heating the mixture of Eu*"/ZL crystals
suspended in THF solution in which TTA-Si is dissolved. The strong luminescence was attributed to the
formation of complexes between Eu’” and tta moieties, most of which are located at the entrances of the
nanochannels due to the linkages derived from the nucleophilic substitution of the terminal triethoxy
groups of TTA-Si by the surface hydroxyl groups on ZL crystals. They observed that the

photoluminescence emission intensity, 5D0 lifetime, 5D0 radiative (k,) probabilities and the 5Do quantum
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efficiency (g) of Eu’" increase as the aspect ratio (length to diameter ratio) the ZL crystals decreases.
Furthermore, Li’s group reported that new luminescent host-guest materials exhibiting tunable emission
colors, upon the change of the excitation wavelength, have been achieved by surface modification of
terbium (III) bipyridine-loaded zeolite L crystals with the ionic europium (III) complexes.”” These
obtained materials can be used as solid-state luminophores for UV-emitting LEDs because they can be
excited in the near UV region.
3.4 Understanding the microenvironment in cages of zeolite crystals

The microenvironment in cages of zeolite crystals actually has a significant influence on the
photophysical properties of the encapsulated lanthanide complexes, for instance, Ln’-exchanged zeolite
typically possesses Bronsted acid sites owing to cation hydrolysis reaction, ™ which results in that most
of the complexes are unstable and tend to decompose under such acidic conditions.”” Thus,
understanding and tuning the microenvironment inside the cavities of zeolite crystals is highly important
to achieve optimal luminescence properties of zeolite-based materials. Until now, Li’s group has made a
large number of efforts to study them in detail.” °" " Interestingly, they observed that the luminescence
performances of Eu’’(tta),-ZL and Eu3+(tta)x(phen)y-ZL, including emission intensity, lifetime of Eu’*
and estimated quantum efficiency of Eu’" *Dy excited stated, have increased significantly upon the
treatment of them with ammonia gas (Fig. 10a).°' They claimed the presence of NH; can promote the
structural transformation of f-diketonate ligands from the keto form to the enolate one, the formation of
complexes is thus favored. They also observed that the encapsulated europium (III) complexes in ZL
crystals show remarkably increased photostability (Fig. 10b). Moreover, they investigated the acidity of
Eu’"-exchanged zeolite L (Eu’"/ZL) and its influence on the luminescence performances of incorporated
Eu’"-B-diketonate complexes, including excitation and emission spectra, lifetime of Eu’" ions, quantum
yield, and energy transfer efficiency.”’ The acidity can hinder the formation of complexes between Eu®*
ions and tta molecules inside the ZL channels owing to the decomposition of Eu3+-B-diketonate

complexes under acidic conditions.
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Fig. 10 (a) Excitation (left) and emission (right) spectra of Eu3+(tta)x(phen)y-ZL host-guest material. (—)
before treatment in ammonia gas atmosphere, (...) after treatment in ammonia gas atmosphere.
Excitation spectra were observed at 612 nm and emission spectra upon excitation at 350 nm. (b)
Changes of emission intensity at *Do/’F, line under UV irradiation (Amax=365 nm). Eu(tta);phen (m), Eu

(tta)(phen)y-ZL(e).”!

Very recently, Li and co-workers™ observed a surprising increase of the luminescence efficiency of
Eu’’-B-diketonate complexes loaded in the channels of nanosized zeolite L (NZL) crystals after
modification with an imidazolium-based stopper molecule (Fig. 11). They elucidated the responsible
mechanism by comparing two different diketonate ligands with different pKa values and two aromatic
imines (Bipy and Phen) and by using steady-state and time-resolved photoluminescence spectroscopy.
The explanation of this luminescence enhancement is that the presence of the imidazolium-based
stopper molecule is favorable to the sustainable formation of Eu’"-B-diketonate complexes with high
coordination by decreasing the proton strength inside the channels of NZL. The optical characteristics of
the new luminescent host-guest materials could make them very promising for developing novel

optoelectronic devices.

17



CrystEngComm Page 18 of 31

Et0 p\Et/ o + A AL b go P2 TN T 70N
~Si NN M~ T~ T ~Si/PNT NN
o N ol [ L = 3 \4,&\ .

: N av \' ; ’ BrM O NP

o AT XK
2) EtO-a: +2
—>( ! /SI\/\N\::/N/,\’/;\
o—\ 2

+ 2EtOH

o

Euﬁ*Ln\ 00000000
oo o= = \
\\& ® » s o= .
\6\\\-- - . =
(SRS
0 2> 8 S
.0 - o ®* = =
//O > ® & = o/
Stopper 00000000

Functionalized
coat

00000

i

Intensity

0, D,
'

I
F, J
L

200 250 300 350 400 450 550 575 600 625 650 675 700
Wavelength/nm Wavelength/nm

Intensity

m—0
A

|
'F

Fig. 11 (a) Upper: selective modification of the ZL channel entrance by (1) sonication and (2) reflux.
Lower: stopper and coat functionalized NZL crystal loading inside Eu’" complexes as guests. (b)
Excitation spectra (A) and emission spectra (B) of Eu’"(TTA,)-NZL (black line) and (Eu’"(TTA,)-
NZL)-1(1100) (red line). Excitation spectra were observed at 612 nm and emission spectra upon
excitation at 345 nm. Photographs of the two samples taken under near UV excitation: (C) Eu>*(TTA,)-

NZL and (D) (Eu*"(TTA,)-NZL)-1(1100).*

4. Oriented ZL monolayers with functional linkers

The controlled assembly of zeolite crystals into oriented structures is highly important for them to be
applied to innovative materials and devices. One of the assemblies is oriented ZL monolayers, and
therefore all of their channels are standing on different substrate such as quartz or glass. Another
advantage of such monolayers is that the channels remain open on the side that is not blocked, thus
leading to c-oriented open-channel monolayers (c-coMLs). Subsequent insertion of guest into the

channels leads to materials with exciting properties, such as transfer of electronic excitation energy in
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one direction only.*" ® ZL monolayers can be achieved by covalently binding the crystals to a
86-88

substrate,”** by using coordination bonding,* or by microcontact transfer printing.
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Fig. 12 (a) Schematic drawing of assembling ZL crystals into luminescent ZL monolayer with a
functional linker 1. (b) SEM images of a ZL monolayer at different magnification. (c) Photographs of
such a monolayer upon UV excitation at 1) 270 nm, 2) 300 nm, 3) 340 nm, and 4) 365 nm.** (d)
Photographs of a ZL-(TTA-Eu)-quartz monolayer. Left: uncoated monolayer, right: similar sample
coated with PVA. The background is the SEM image of the layer.*

Molecular linkers are of high importance in obtaining such oriented ZL monolayer because they can
bind and direct the arrangements and organization of zeolite crystals on substrates. Moreover, further
adding functionalities such as luminescent properties to the molecular linker can open a much wider
entry for fabricating chemical devices as the linkers can transfer electronic excitation energy between
the outside and inside of zeolite crystal nanochannels.”® Wang ez al.** recently reported a strategy of
achieving higher organization and luminescence in the oriented ZL monolayer by using a functional

9192 and to self-assemble on

linker 1 that has the ability to coordinate and sensitize lanthanide ions
substrate through hydrogen bonding (Fig. 12a). Dense, homogenous, well-oriented, stable and highly
organized open channel ZL monolayers were thus obtained via this strategy by using triethoxysilylated
bipyridine as the functional molecular linker (Fig. 12b). The emission color of the resulting layers can be
finely tuned by changing the amount and type of Ln’" ions coordinated with linker, by changing the

guest inside the channels of ZL, and by changing the excitation wavelength (Fig. 12¢). By utilization of
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the same strategy, Cao et al.® also succeeded in dense, well-oriented and emission color-tunable

93 9% as the

monolayers of ZL with highly ordered structure by using triethoxysilylated B-diketone
functional linker. They observed that the degree of coverage and of dense packing become much higher
upon introduction of Eu’" ions to the substrate surface. The coordination of Eu®" ion to the functional
linker can favor the standing of the linker molecules on substrate, which can account for the improved
quality of the obtained ZL monolayers. Oriented ZL monolayers are usually opaque or semitransparent
and they therefore strongly scatter light in the visible region. Transparency is highly desirable for some
applications in developing optical devices. Calzaferri et al.* realized the transparency by coating

polymer of CR39 on the monolayer. Cao ef al.¥’ obtained transparent monolayers of ZL by coating the

polymer PVA on the monolayers (Fig. 12d).

Fig. 13 Schematic illustration of (a) S-L(M) method and (b) S-(L-M-L) method for fabricating c-
oriented ZL monolayers on a substrate.® (c) Photographs of the oriented ZL monolayers through the

cooperative interaction of terpyridine and metal cations irradiated under UV irradiation (Ama—=254 nm).

As discussed above, oriented monolayers of ZL can be prepared by the use of molecular linkers
through covalent binding. Functional linkers that can coordinate to and sensitize Ln’" ions can allows
both the realization of oriented ZL layers with improved qualities and the tunable luminescence of the
obtained monolayers. The cooperative interactions between metal ions and terpyridine as a ligand have
been widely used in the preparation of supramolecular assemblies that display appealing magnetic or
luminescent properties, which has also been applied to prepare one-dimensional arrays of ZL crystals.”
Li and co-workers® prepared oriented monolayer through the cooperative interaction of terpyridine and

metal cations. They used two different strategies (i.e. S-L(M) method and S-(L-M-L) method) which
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lead to layers with different surface properties, as illustrated in Fig. 13a and b. The resulting layers
display tunable emission colors depending on the coordinating cations (Fig. 13c). The self-assembly
procedure is so versatile and robust that tailoring the properties of layers for meeting desired
functionalities for a specific applications is possible. The study underlines the fascinating, advanced
supramolecular organization that can be achieved by using coordination chemistry as a tool for self-
assembling ZL crystals. A variety of applications can be envisaged, ranging from biology, diagnostics,
optical and electro-optical devices, and photo electrochemistry to solar energy conversion.
5. Ln*"/ZL materials for constructing transparent zeolite-polymer hybrid materials and
luminescence sensors

The properties of Ln’"/ZL host-guest materials outlined above make them very desirable for the
development of various novel optical materials, such as lenses, infrared plastic light-emitting diodes
(LEDs) for use in telecommunications, luminescent nanostructured materials for optical data storage,
and also for improving chemical physical properties of polymers. Typically, for many of these optical
applications, the Ln’"/ZL host-guest materials have to be embedded in a polymer matrix without losing
the transparency in the visible range. However, zeolite crystals usually tend to aggregate that gives rise
to the light scattering in the visible range.” To overcome this drawback, Li et al.’® carried out the
surface modification of nanosized lanthanide complex-loaded ZL crystals for better dispersing in liquid
monomer MMA (Fig. 14a). By polymerization, they achieved a novel transparent organic-inorganic
zeolite-polymer hybrid material showing the characteristic emission of Ln** ion. The luminescence color
of the transparent materials can be tuned by simply the kind of Ln’" species located inside the channels
of ZL (Fig.14b). They found that the PMMA polymer can protect the luminescence of Ln®" species
incorporated in the channels of ZL from water quenching. The obtained transparent organic-inorganic

hybrid materials could be used to prepare different plastic photonic devices.
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Fig. 14 (a) Procedure for preparing transparent and luminescent ZL-polymer hybrid materials. (b)
Photographs of transparent and luminescent ZL-polymer hybrid materials. Left) under daylight; right)

under UV irradiation; 1) material containing Tb*>" complexes, 2) material containing Eu®" complexes.”

Normally, the leakage of guest species from the nanochannels of zeolite crystals occurs when the
host-guest materials are used in solution since the inclusion of the guest species is a thermodynamically
reversible process.”” The same problem can still occur in lanthanide complex/zeolite host-guest systems,
which hamper the further practical and optical applications of the materials in solution. Li and co-
workers® designed and prepared a novel luminescent core-shell material by initial coating with
polyelectrolytes and subsequent with a silica shell on the europium (III) complex Eu(tta), loaded zeolite
L microcrystals. Coating a silica shell on Eu(tta),/ZL crystals can prevent the leakage of tta molecules
from the nanochannels of ZL crystals. Further functionalization of the silica-coated Eu(tta)s/ZL crystals
with non-luminescent terbium (III) complexes makes them as effective luminescent sensors for the
detection of dipicolinic acid (DPA), i.e. an important molecular marker in spore-producing bacteria. The
procedure is outlined in Fig. 15. In this case, the europium (III) complex inside the channel of ZL
crystals encapsulated in the silica, as an internal calibration, is protected from the external influences
such as solvents, providing a stable reference signals. Furthermore, they also reported the new
luminescent core-shell composite composed of a dye (Coumarin 1)-loaded zeolite L nano-crystal and a

silica shell with non-luminescent europium complexes immobilized on the surface.”® The obtained core-
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shell composites were used as an ideal sensor for the ratiometric detection of DPA molecules at
nanomolar concentrations.

As aforementioned, the luminescence of Eu’*-B-diketonate complexes loaded in the channels of NZL
shows strong positive response upon exposure to ammonia gas> °" 7, which implies that these

luminescent materials can be used as a potential sensor for detecting various alkaline molecules.
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=
S

O —

o o _ H L | ~

s (CzH50)3S|_(H2C)3_N_C\C/ -

CF,4 H & HOOC”™ N~ “COOH

\ (C2Hs0)sSi—(Hz0)sN—C t=0
O Cr,

TTA SI-TTA DPA

Fig. 15 Procedure for silica coating, surface modification of Eu’*(tta),/ZLs and the use of them in DPA

detection.

6. Conclusions and outlook

In summary, we have briefly reviewed the main research that is ongoing in the field of the
functionalization of zeolite crystals with lanthanide, including preparation strategies and improved
luminescence performance. We also highlighted the versatility and importance of ZL crystals as host
materials for the preparation of luminescent host-guest materials with characteristic emission of
lanthanide ions. The most interesting results obtained so far for Ln®*-functionalized zeolite crystals are:
1) annealing Ln’"-exchanged zeolites or Ln’/co-doped ions zeolites can lead to the luminescence
enhancement; 2) strong NIR emission via white light excitation can be obtained in the annealed Er’*/ZL;
3) incorporating lanthanide complexes inside the channels of zeolite crystals can improve their thermal
stability and photostability which is highly important for the practical applications such as LED lighting;
4) multicolor emitting lanthanide complex-loaded zeolite host-guest materials can be achieved; 5)

effective NIR luminescence without the formation of stable complexes in ZL crystals can be observed; 6)
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the luminescence efficiency of Eu’’-B-diketonate complexes loaded in the channels of NZL crystals
after modification with an imidazolium-based stopper molecule can be extremely increased; 7) highly
ordered ZL monolayers with tunable luminescence properties can be obtained by using functional
linkers that can coordinate to and sensitize Ln®" luminescence; 8) transparent luminescent composites
are available by embedding nanosized Ln’"-functionalized ZL into the PMMA matrices; 9) luminescent
core-shell materials can be used as an ideal sensor for the ratiometric detection of DPA molecules.
However, the study of this research topic is still in its infancy, efforts have been mainly focused on
the preparation, morphology and luminescent properties. At least three key points should be taken into
account in this research area in the near future: i) the composition and structure of the formed Ln®"
complexes inside the channels of zeolite crystals should be further clarified, which is highly important
for us to understand the interaction between the host (zeolite crystals) and the guest (lanthanide
complexes); ii) the oriented monolayers open the way for applications in biology, diagnostics and in
optoelectronic applications, including artificial antenna systems, thin layer solar cells and light-emitting
electrochemical cells (LEECs). However, the preparation of perfect monolayers on large substrate which
are dense, homogeneous, well oriented remain a challenge task, which is a prerequisite for many
technological applications; and iii) the applications of these novel host-guest should be further
strengthen in various fields such as LED lighting (some of the materials can be excited by 395 nm and
465 nm together with their regular and tunable morphology), sensing, and luminescent solar
concentrators (LSCs) for the production of cheaper solar electricity.
Acknowledgements
This work was financially supported by National Key Basic Research Program (2012CB626804), by the
National Natural Science Foundation of China (no. 20871040, 20901022, 21171046), the Program for
New Century Excellent Talents in University (NCET-09-0113), Hebei Province Natural Science
Foundation (no. B2010000034) and Educational Committee of Hebei Province (2011141).

References

1. D. W. Breck, Zeolite Molecular Sieves: Structure, Chemistry, and Use, Wiley, New York, 1974.

2 L. Tosheva and V. P. Valtchev, Chem. Mater., 2005, 17, 2494-2513.

3. S. C. Larsen, J. Phys. Chem. C 2007, 111, 18464-18474.

4 J. Cejka, A. Corma and S. Zones, Zeolites and Catalysis: Synthesis, Reactions and Applications,
Wiley-VCH, Weinheim, 2010.

24



Page 25 of 31

10.

11.

12.
13.
14.

15.
16.
17.

18.
19.
20.
21.

22.

23.

24.

25.

26.

CrystEngComm

K. Moller and T. Bein, Chem. Soc. Rev., 2013, 42, 3689-3707.

X. Y. Zhang, D. X. Liu, D. D. Xu, S. Asahina, K. A. Cychosz, K. V. Agrawal, Y. Al Wahedi, A.
Bhan, S. Al Hashimi, O. Terasaki, M. Thommes and M. Tsapatsis, Science, 2012, 336, 1684-
1687.

U. Kynast and V. Weiler, Adv. Mater., 1994, 6, 937-941.

C. Leiggener and G. Calzaferri, Chem. Eur. J., 2005, 11, 7191-7198.

H. S. Kim, T. T. Pham and K. B. Yoon, J. Am. Chem. Soc., 2008, 130, 2134-2135.

D. Brithwiler, G. Calzaferri, T. Torres, J. H. Ramm, N. Gartmann, L. Q. Dieu, I. Lopez-Duarte
and M. V. Martinez-Diaz, J. Mater. Chem., 2009, 19, 8040-8067.

Y. G. Wang, H. R. Li, L. J. Gu, Q. Y. Gan, Y. N. Li and G. Calzaferri, Micropor. Mesopor.
Mater., 2009, 121, 1-6.

H. S. Kim, N. C. Jeong and K. B. Yoon, J. Am. Chem. Soc., 2011, 133, 1642-1645.

K. Binnemans, Chem. Rev., 2009, 109, 4283-4374.

L. D. Carlos, R. A. S. Ferreira, V. D. Bermudez, B. Julian-Lopez and P. Escribano, Chem. Soc.
Rev., 2011, 40, 536-549.

S. V. Eliseeva and J. C. G. Bunzli, Chemical Society Reviews, 2010, 39, 189-227.

J. Feng and H. J. Zhang, Chem. Soc. Rev., 2013, 42, 387-410.

Y. Wada, T. Okubo, M. Ryo, T. Nakazawa, Y. Hasegawa and S. Yanagida, J. Am. Chem. Soc.,
2000, 122, 8583-8584.

D. Sendor and U. Kynast, Adv. Mater., 2002, 14, 1570-1574.

M. Lezhnina, F. Laeri, L. Benmouhadi and U. Kynast, Adv. Mater., 2006, 18, 280-283.

Y. Wada, M. Sato and Y. Tsukahara, Angew. Chem. Int. Ed., 2006, 45, 1925-1928.

A. Mech, A. Monguzzi, F. Meinardi, J. Mezyk, G. Macchi and R. Tubino, J. Am. Chem. Soc.,
2010, 132, 4574-4576.

J.N. Hao and B. Yan, Dalton Trans., 2014, 43, 2810-2818.

P.Li, Y. G. Wang, H. R. Li and G. Calzaferri, Angew. Chem. Int. Ed., 2014, 53, 2904-2909.

A. Monguzzi, G. Macchi, F. Meinardi, R. Tubino, M. Burger and G. Calzaferri, Appl. Phys. Lett.,
2008, 92, 123301.

H. R. Li, W. J. Cheng, Y. Wang, B. Y. Liu, W. J. Zhang and H. J. Zhang, Chem. Eur. J., 2010,
16, 2125-2130.

Y. Fang, H. R. Li, Y. Wang and X. W. Liu, Dalton Trans., 2010, 39, 11594-11598.

25



27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

CrystEngComm Page 26 of 31

H. H. Liu, H. W. Song, S. W. Li, X. G. Ren, S. Z. Lu, H. Q. Yu, G. H. Pan, H. Zhang, L. Y. Hu,
Q. L. Dai, R. F. Qin, J. H. Yu, G. M. Wang and J. X. Jiang, J. Nanosci. Nanotechnol., 2008, 8,
3959-3966.

S. L. Suib, R. P. Zerger, G. D. Stucky, T. I. Morrison and G. K. Shenoy, J. Chem. Phys., 1984,
80, 2203-2207.

M. F. Hazenkamp, A. M. H. Vanderveen and G. Blasse, J. Chem. Soc. Faraday Trans., 1992, 88,
133-140.

M. F. Hazenkamp, A. M. H. Vanderveen, N. Feiken and G. Blasse, J. Chem. Soc. Faraday
Trans., 1992, 88, 141-144.

M. Alvaro, V. Fornes, S. Garcia, H. Garcia and J. C. Scaiano, J. Phys. Chem. B 1998, 102, 8744-
8750.

S. B. Hong, J. Phys. Chem. B 2001, 105, 11961-11963.

C. Tiseanu, M. U. Kumke, V. I. Parvulescu, A. Gessner, B. C. Gagea and J. Martens, J. Phys.
Chem. B 2006, 110, 25707-25715.

J.-N. Hao and B. Yan, New J. Chem., 2014, 38, 3540-3547.

E. Jaramillo and S. M. Auerbach, J. Phys. Chem. B 1999, 103, 9589-9594.

S. M. Auerbach, K. A. Carrado and P. K. Dutta, Handbook of Zeolite Science and Technology,
Marcel Dekker, New York, Basel, 2003.

B. Boddenberg, G. U. Rakhmatkariev, S. Hufnagel and Z. Salimov, Phys. Chem. Chem. Phys.,
2002, 4, 4172-4180.

G. Calzaferri, S. Huber, H. Maas and C. Minkowski, Angew. Chem. Int. Ed., 2003, 42, 3732-
3758.

G. Calzaferri and K. Lutkouskaya, Photoch. Photobio. Sci., 2008, 7, 879-910.

G. Calzaferri, Langmuir, 2012, 28, 6216-6231.

G. Calzaferri, H. R. Li and D. Brithwiler, Chem-Eur J, 2008, 14, 7442-7449.

A. Devaux, G. Calzaferri, I. Miletto, P. P. Cao, P. Belser, D. Brithwiler, O. Khorev, R. Haner and
A. Kunzmann, J. Phys. Chem. C 2013, 117, 23034-23047.

S. Suarez, A. Devaux, J. Banuelos, O. Bossart, A. Kunzmann and G. Calzaferri, Adv. Funct.
Mater., 2007, 17, 2298-2306.

Y. Wang, H. R. Li, Y. Feng, H. J. Zhang, G. Calzaferri and T. Z. Ren, Angew. Chem. Int. Ed.,
2010, 49, 1434-1438.

26



Page 27 of 31

45.
46.
47.

48.

49.
50.

51.
52.

53.
54.
55.
56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

CrystEngComm

Y. J. Cui, Y. F. Yue, G. D. Qian and B. L. Chen, Chem. Rev., 2012, 112, 1126-1162.

J. Rocha, L. D. Carlos, F. A. A. Paz and D. Ananias, Chem. Soc. Rev., 2011, 40, 926-940.

M. D. Allendorf, C. A. Bauer, R. K. Bhakta and R. J. T. Houk, Chem. Soc. Rev., 2009, 38, 1330-
1352.

S. B. Hong, E. W. Shin, S. H. Moon, C. H. Pyun, C. H. Kim and Y. S. Uh, J. Phys. Chem., 1995,
99, 12274-12277.

I.L. V. Rosa, O. A. Serra and E. J. Nassar, J. Lumin., 1997, 72-4, 532-534.

T. Justel, D. U. Wiechert, C. Lau, D. Sendor and U. Kynast, Adv. Funct. Mater., 2001, 11, 105-
110.

M. D. Baker, M. M. Olken and G. A. Ozin, J. Am. Chem. Soc., 1988, 110, 5709-5714.

F. J. Berry, M. Carbucicchio, A. Chiari, C. Johnson, E. A. Moore, M. Mortimer and F. F. F.
Vetel, J. Mater. Chem., 2000, 10, 2131-2136.

C. W. Kim, H. C. Kang, N. H. Heo and K. Seff, J. Phys. Chem. C 2014, 118, 11014-11025.

C. Borgmann, J. Sauer, T. Justel, U. Kynast and F. Schuth, Adv. Mater., 1999, 11, 45-49.

H. H. Zhang and H. R. Li, J. Mater. Chem., 2011, 21, 13576-13580.

Y. G. Wang, Y. Fang, W. J. Zhang, L. Zhang, Y. H. Chen and X. Y. Yu, Mater. Res. Bull., 2013,
48, 2149-2153.

H. Lin, S. Chu Rong Gui, K. Imakita and M. Fujii, J. Appl. Phys., 2014, 115, 033507.

A. Mech, A. Monguzzi, F. Cucinotta, F. Meinardi, J. Mezyk, L. De Cola and R. Tubino, Phys.
Chem. Chem. Phys., 2011, 13, 5605-5609.

W. Dewilde, G. Peeters and J. H. Lunsford, J. Phys. Chem., 1980, 84, 2306-2310.

S. I. Weissman, J. Chem. Phys., 1942, 10, 214-217.

Y. X. Ding, Y. G. Wang, H. R. Li, Z. Y. Duan, H. H. Zhang and Y. X. Zheng, J. Mater. Chem.,
2011, 21, 14755-14759.

Y. X. Ding, Y. G. Wang, Y. N. Li, P. P. Cao and T. Z. Ren, Photoch. Photobio. Sci., 2011, 10,
543-547.

O. A. Serra, E. J. Nassar, G. Zapparolli and 1. L. V. Rosa, J. Alloys Compd., 1995, 225, 63-65.

S. Lee, H. Hwang, P. Kim and D. J. Jang, Catal. Lett., 1999, 57, 221-226.

H.-T. Sun, T. Hasegawa, M. Fujii, F. Shimaoka, Z. Bai, M. Mizuhata, S. Hayashi and S. Deki,
Appl. Phys. Lett., 2009, 94, 141106.

Z. H. Bai, M. Fujii, K. Imakita and S. Hayashi, Micropor. Mesopor. Mater., 2013, 173, 43-46.

27



67.

68.
69.

70.
71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

CrystEngComm Page 28 of 31

J. Rocha, L. D. Carlos, J. P. Rainho, Z. Lin, P. Ferreira and R. M. Almeida, Journal of Materials
Chemistry, 2000, 10, 1371-1375.

H.R. Li, Y. X. Ding and Y. Wang, CrystEngComm, 2012, 14, 4767-4771.

A. Mech, A. Monguzzi, F. Cucinotta, F. Meinardi, J. Mezyk, L. D. Cola and R. Tubino, Phys.
Chem. Chem. Phys., 2011, 13, 5605-5609.

Z. H. Bai, M. Fujii, K. Imakita and S. Hayashi, J. Lumin., 2014, 145, 288-291.

Z. H. Bai, H. T. Sun, T. Hasegawa, M. Fujii, F. Shimaoka, Y. Miwa, M. Mizuhata and S.
Hayashi, Opt. Lett. , 2010, 35, 1926-1928.

W. Chen, R. Sammynaiken and Y. Huang, J. Appl. Phys., 2000, 88, 1424-1431.

H. T. Sun, A. Hosokawa, Y. Miwa, F. Shimaoka, M. Fujii, M. Mizuhata, S. Hayashi and S. Deki,
Adv. Mater., 2009, 21, 3694-3698.

X. M. Guo, H. D. Guo, L. S. Fu, L. D. Carlos, R. A. S. Ferreira, L. N. Sun, R. P. Deng and H. J.
Zhang, J. Phys. Chem. C 2009, 113, 12538-12545.

F. Artizzu, L. Marchio, M. L. Mercuri, L. Pilia, A. Serpe, F. Quochi, R. Orru, F. Cordella, M.
Saba, A. Mura, G. Bongiovanni and P. Deplano, Adv. Funct. Mater., 2007, 17, 2365-2376.

H.R. Li, H. H. Zhang, L. Y. Wang, D. Mu, S. T. Qi, X. J. Hu, L. Zhang and J. S. Yuan, J. Mater.
Chem., 2012, 22, 9338-9342.

P. Li, D. Y. Wang, D. Liang, L. Zhang, S. M. Zhang and Y. G. Wang, Mater. Res. Bull., 2014,
55, 216-220.

H.J. Wang, D. H. Yu, P. Sun, J. Yan, Y. Wang and H. Huang, Catal. Commun. , 2008, 9, 1799-
1803.

T.T. Wen, W.J. Zhang, X. J. Hu, L. He and H. R. Li, ChemPlusChem, 2013, 78, 438-442.

A. Z.Ruiz, H. R. Li and G. Calzaferri, Angew. Chem. Int. Ed., 2006, 45, 5282-5287.

J. S. Lee, H. Lim, K. Ha, H. Cheong and K. B. Yoon, Angew. Chem. Int. Ed., 2006, 45, 5288-
5292.

K. B. Yoon, Acc. Chem. Res. ,2007, 40, 29-40.

S. Hashimoto, K. Samata, T. Shoji, N. Taira, T. Tomita and S. Matsuo, Micropor. Mesopor.
Mater., 2009, 117, 220-227.

Y. G. Wang, H. R. Li, B. Y. Liu, Q. Y. Gan, Q. L. Dong, G. Calzaferri and Z. Sun, J. Solid State
Chem. , 2008, 181, 2469-2472.

P. P. Cao, H. R. Li, P. M. Zhang and G. A. Calzaferri, Langmuir, 2011, 27, 12614-12620.

28



Page 29 of 31

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

CrystEngComm

F. Cucinotta, Z. Popovic, E. A. Weiss, G. M. Whitesides and L. De Cola, Adv. Mater., 2009, 21,
1142-1145.

N. S. Kehr, A. Schafer, B. J. Ravoo and L. De Cola, Nanoscale, 2010, 2, 601-605.

N. S. Kehr, J. EI-Gindi, H. J. Galla and L. De Cola, Micropor. Mesopor. Mater., 2011, 144, 9-14.
P.P.Cao, Y. G. Wang, H. R. Liand X. Y. Yu, J. Mater. Chem., 2011, 21, 2709-2714.

H. R. Li, Y. G. Wang, W. J. Zhang, B. Y. Liu and G. Calzaferri, Chem. Commun. , 2007, 2853-
2854.

H. R. Li, N. N. Lin, Y. G. Wang, Y. Feng, Q. Y. Gan, H. J. Zhang, Q. L. Dong and Y. H. Chen,
Eur. J. Inorg. Chem. ,2009, 4, 519-523.

Y. Feng, H. R. Li, Q. Y. Gan, Y. G. Wang, B. Y. Liu and H. J. Zhang, J. Mater. Chem., 2010, 20,
972-975.

Y. Wang, Y. G. Wang, P. P. Cao, Y. N. Li and H. R. Li, CrystEngComm, 2011, 13, 177-181.

X. F. Qiao and B. Yan, Inorg. Chem. , 2009, 48, 4714-4723.

Z. Popovic, M. Busby, S. Huber, G. Calzaferri and L. De Cola, Angew. Chem. Int. Ed., 2007, 46,
8898-8902.

H. R. Li, Y. X. Ding, P. P. Cao, H. H. Liu and Y. X. Zheng, J. Mater. Chem., 2012, 22, 4056-
4059.

A. Guerrero-Martinez, S. Fibikar, 1. Pastoriza-Santos, L. M. Liz-Marzan and L. De Cola, Angew.
Chem. Int. Ed., 2009, 48, 1266-1270.

Y. G. Wang, Y. P. Yue, H. R. Li, Q. Zhao, Y. Fang and P. P. Cao, Photoch. Photobio. Sci., 2011,
10, 128-132.

29



CrystEngComm

TOC

Efficient Light-Emitting
Phosphors

Oriented Zeolite
Monolayers

% L Zeolite-Polymer
Hybrid Materials

Light-Harvesting Biocompatibility Luminescence
Systems Sensors

Page 30 of 31

Luminescent materials derived from the functionalization of zeolite with lanthanide constitute intense

research topic since such materials combine the attractive properties (e.g., tunable morphology, high

stability, and low cost) of zeolite and unique optical properties of Ln** ions (such as sharp and long-

lived emission in the visible to NIR region with high color purity). This review highlights some

examples to demonstrate that the utilization of zeolite indeed provides access to luminescent materials

showing tunable luminescent performances, well-organized structures and useful host-guest interactions.
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