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. INTRODUCTION

Communication systems have been dominated by electronic processes, but photonic
concepts are increasingly gaining importance in information technology with devices such
as lasers, light-emitting diodes, photodetecting diodes, optical switches, optical amplifiers,
optical modulators, and optical fibers. The aim of the efforts is to reduce the size of optical
devices and to integrate them jointly on a single optical circuit.

Optical materials for photonic purposes are made to change the flow of light by
interaction with the electronic states of the materials. Separation of the complex
process into subfunctions supported by different components of an optical material
allows efficient tuning of the interaction with the photons, resulting in optimized opti-
cal parameters.

Organic/inorganic hybrid materials such as composites from molecular sieve crystals
and organic guests have been undergoing developments in the area of material research for
advanced applications (1-7). The nano-sized channel system of molecular sieves provides a
size- and shape-selective matrix for adsorbates organized and oriented in the nanometer
scale. Because of the unique properties due to the highly ordered arrangements of guest
molecules, the resulting zeolitic composites are very interesting materials for novel electrical
(8) and photonic (9) applications. The modular composition of zeolitic hybrid materials
should enable a very efficient design of optical materials because of an independent tuning
possibility on every length scale involved in complex optical functionalities.

In this chapter, design and optical characterization of individual composite crystals
are reported with a special focus on composite crystals that must be large enough for
photonic applications. The novel optical properties of these materials, such as optical
second harmonic generation, laser properties, and reversible switching are being pre-
sented. Investigations on materials suitable for optical switching are here described
in detail.
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Il. COMPOSITION OF ZEOLITIC ORGANIC/INORGANIC
HYBRID MATERIALS

A. Synthesis of Large Zeolite Crystals for Photonic Applications

The synthesis of zeolites for classical applications such as ion exchange in detergents,
adsorption, or catalysis requires small micrometer-sized crystals to reduce diffusion
problems. Numerous ways of reducing the mean particle size are reported. They also
meet economic demands, such as short crystallization time, and deliver narrow particle
size distribution (10).

The requirements on zeolitic materials as hosts for functional guest molecules in
novel electrical and optical nanodevices are usually quite different from the demands in
classical applications, especially with regard to their macroscopic shape. Common zeolite
powders are not suitable for most optical applications because of strong scattering effects.
The light scattering losses can be reduced (a) by immersion in nonabsorbing media of
similar refractive indices or (b) by decrease in the particle size. Therefore, the zeolite
powders have been immersed in solvents (11) or in organic polymers (12,13). Suspensions
can also be stabilized by modifying the surfaces of nanocrystalline zeolite particles (14).
All methods result in transparent systems useful for optical and spectroscopic inves-
tigations. Especially crystals embedded in polymer films would be easy to handle in
optical devices. These transparent films are an important step in the development of
materials showing minimized scattering losses. In addition, there has been considerable
research effort in the synthesis of large, optically perfect zeolite crystals for advanced,
especially photonic, applications.

1. Defects

Intracrystalline defects directly influence the diffusion of guest molecules and the formation
of an ordered intrazeolitic arrangement of adsorbates. Since the optical and electronic
effects depend strongly on this arrangement, especially photonic applications are sensitive
to intracrystalline disorder. Therefore, well-shaped zeolite single crystals with few defects
are necessary. In addition, the crystals should be optically clear in the ultraviolet (UV) and
visible (VIS) spectral region to avoid scattering losses at intracrystalline boundaries.

Apart from scattering losses which reduce the optical UV transparency, micro-
porous siliceous materials show an onset of absorption of electromagnetic radiation in the
UV spectral range around 280 nm, although dense SiO, phases are transparent down to
180 nm. This absorption was attributed to defects in the zeolite lattice. Structural defects,
similar to those found in amorphous silica, should also exist in crystalline samples where
the silicon atoms are coordinated tetrahedrally by oxygen. Especially peroxy radicals and/
or peroxy bridges can form E’ centers, which are known to absorb light in the region of
160 to about 300 nm. The calcination of zeolitic materials, which is necessary to remove
the organic template and make the pore system accessible for functional guest molecules,
increases the short-wavelength absorption due to defect generation or minor amounts of
organic residues withstanding the calcination process. Using template-free synthesis pro-
cedures, defect-free but, unfortunately, very small molecular sieve crystals that are com-
pletely transparent down to 200 nm have been obtained (15).

The hydrothermal synthesis of silicoaluminophosphate molecular sieve crystals with
AFT structure is very sensitive to the synthesis conditions and the starting materials.
Large crystals with a high optical quality result only if an aluminum oxide hydrate sol or
pseudohydrargillite was used as aluminum source. The incorporation of silicon in the
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AFI framework (SAPO-5) controls the optical transparency, the morphology, and the
crystal size. By optimization of the hydrothermal synthesis, silicoaluminophosphate
crystals with hexagonal rod-like morphology, large crystal size, and optical clearness
have been obtained (16).

2. Size and Shape Control

Relatively defect-free microporous zeolite crystals and microporous aluminophosphates
can result from hydrothermal synthesis (17). However, serious problems are encountered
in the preparation of large synthetic molecular sieve crystals, although natural zeolites can
occur as huge crystals. Many attempts (18,19) have been made to control the crystal size of
molecular sieves, including novel routes for the crystallization of large single crystals from
nonaqueous solution (20). Efforts were directed to obtaining large zeolite single crystals,
narrow particle size distribution, and perfect morphology.

Large AIPO,4-5 crystals have been synthesized under conventional hydrothermal
synthesis conditions, using triethylamine as template (21). Millimeter-sized CrAPOy4-5 and
MgAPQ4-5 crystals with excellent morphology are obtained from concentrated gels
containing HF (22). Very high-quality AIPO4-5 crystals up to a length of 1.4 mm have
been crystallized in a hydrothermal synthesis with a higher dilution of the synthesis gel and
by replacing the template triethylamine with tripropylamine (23).

The optimization of hydrothermal synthesis parameters allowed the growth of
mordenite and MFI crystals of several hundred micrometers (24) and the synthesis of
large single crystals of zeolite Y with diameters up to 210-245 um (25).

Silicalite-1 single crystals have been synthesized in the presence of benzene-1,2-diol
with a perfect morphology and an appropriate size ranging from 9 x 3 x 2 um?® to 165 x
30 x 30 pm?®, depending on the content of benzene-1,2-diol in the reaction system. It was
shown that a silicon—benzene-1,2-diol complex has been formed in the reaction system,
which proved to be important for the synthesis of the zeolite single crystals. The con-
centration of benzene-1,2-diol can be used to control the morphology and the twinning of
the well-shaped crystals (26).

Recently, the role of F~ and pyrocatechol as complexing agents for silicon and
aluminum species in the hydrothermal synthesis of zeolites was investigated. The com-
plexed species could be slowly hydrolized to the active species, which forms the
preliminary structure unit of Si-O-Si or Si-O-Al via condensation reaction. Offretite single
crystals, which show a better morphology and larger size than those synthesized without
complexing agent, have been successfully prepared by this method (27). Experimental
results from similar investigations with pyrocatechol in the synthesis of silica-sodalite
showed that the crystals have a much larger size and better morphology than those
synthesized in the absence of this reagent (28).

In addition to the study of the influence of conventional crystallization parameters,
such as alkalinity, temperature, gel composition, aluminum source, and water content, the
effect of using microwaves, centrifugation, ultrasonication, and microgravity was also
explored. In a microwave synthesis, large hexagonal AIPO4-5 crystals up to a length of 130
um have been obtained. A further processing of the mother liquor resulted in batches free
of byproducts. AIPOy4-5 single crystals with a narrow size distribution and perfect
hexagonal morphology are shown in Fig. 1 (29,30).

The application of ultrasound in the crystallization process did not change the
crystal size in the case of zeolite A. However, the morphology of crystals obtained was
completely unusual (10).
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Fig. 1 Large, uniformly sized AIPOy4-5 crystals originating from a microwave-assisted crystal-
lization. The standard gel composition optimized for microwave synthesis was 1.6 triethylamine:1.0
Al,05:1.3 P,Os:1.3 HF:425 H,0. No phase purifications have been applied. (From Ref. 29.)

A microgravity environment provides quite different conditions for zeolite crystal
growth, including elimination of settling and convection, reduced collision breeding, and
enhanced diffusion-limited growth. It was hypothesized that the microgravity envi-
ronment in low earth orbit would minimize sedimentation, leading to the possibility of
producing large zeolite crystals by allowing crystals a longer residence time in a high-
concentration nutrient field. The microgravity environment should lead to zeolite crys-
tals having a high degree of crystalline perfection with controlled defect concentration
and location. With this intention, zeolite crystallization has been carried out under
microgravity conditions (107°~107° g) on space shuttle missions. The different nucleation
and growth history of zeolite A and X crystals in microgravity resulted in improved
crystal morphology and an increase in crystal size, but they frequently led to different
morphology in comparison with their terrestrial control samples (31). The high level of
microporosity as well as the uniformity and symmetry of the orbit-grown crystals were
attributed to a higher degree of crystalline perfection (32). The synthesis of high-silica
ZSM-5 in microgravimetry resulted in crystals with intergrown and thus imperfect disk
morphology up to 70 pm in diameter (33). However, very similar space-grown ZSM-5
materials showed a reduction in external surface area and activity, which is interesting for
shape-selective catalysis (34).

B. Inclusion of Optically Functional Guest Molecules
in Large Zeolitic Crystals

The examples described in the last section are different attempts to synthesize large well-
shaped defect-free zeolites as host materials. However, photonic applications require
additional modification of the crystals to realize optical functions. Guest/host arrange-
ments have to be constructed by tuning the composition of the composites. The optical

Copyright © 2003 Marcel Dekker, Inc.



functionality of guest/host materials is achieved by the incorporation of guest molecules,
which are dispersed, organized, and protected by the molecular sieve framework. This can
be carried out in different ways suited for special classes of dyes and concentration ranges
without causing serious damage to the inorganic framework.

1. Crystallization Inclusion During Synthesis

The inclusion of functional guest species during synthesis is a way to obtain extraction-
stable composite materials without performing any postsynthetic treatment (35,36).
Organic molecules are added to the common synthesis gel. They can be included in the
growing zeolite under the preconditions that (a) the organic molecule is soluble in the
synthesis gel, (b) it is stable under the pH and temperature conditions of the hydrothermal
synthesis, and (c) it does not disturb the zeolite synthesis. Many positive examples have
been found, where the molecule was either a cation or had a proton-accepting group.
Using the crystallization inclusion method, metal complexes and cationic organic dyes
such as methylene blue (37,38), phthalocyanines (39—41), as well as rhodamine dyes (42)
have been occluded in molecular sieves of the AFI and FAU type. The method is not
limited to cationic species; the neutral molecule thioindigo (43) was included in zeolite
NaX by adding the dye to the structure-directing template. This extensively investigated
method has also been expanded to crystallization inclusion of some unstable chromo-
phores like coumarine and azobenzene dyes by microwave techniques taking advantage of
the mild synthesis conditions and a short crystallization time (44).

The conventional and microwave-assisted synthesis of composites consisting of
rhodamine BE50 encapsulated in large AIPO4-5 crystals was reported. Since the molecules
with dimensions of 0.91 x 1.36 nm? are too large to fit into the 0.73-nm-wide pores of the
AIPO4-5 host, the dye molecules are located in cavities that have been formed around them.
The accommodation of the rhodamine dye up to a concentration of 1.3 x 10~2 molecules per
unit cell in defect sites of the host crystal seems to be without negative consequences for the
morphology of the crystals that are large enough for optical applications (42).

Incorporation of a dye into the pores has been successfully achieved by using
conventional hydrothermal synthesis where guest molecules replaced template molecules
without framework destruction. The linear dye molecule pyridine-2 with a diameter of 0.63
nm fits excellently into the AIPO4-5 pores, resulting in an ordered material where the dye
molecules are aligned along the crystallographic z axis. Depending on the dye content,
composite crystals with a length up to 100 um and different crystal morphologies have
been observed (45).

2. Postsynthetic Treatments

Postsynthetic treatments, such as (a) ion exchange, (b) in situ guest synthesis, and (c)
adsorption from gas or liquid phase, allow the insertion of guests into the pores of large
zeolite single crystals. A precondition for the postsynthetic introduction of guest molecules
is mostly the calcination of the zeolitic material, which is necessary to remove structure-
directing organic template molecules that have been incorporated during synthesis. This
thermal treatment can cause partial destruction and unspecific disruption of the inorganic
framework, especially in case of large crystals (46).

a. Ion Exchange

Cations that compensate the framework charge of non-neutral zeolites can be exchanged
with aqueous solutions (47). lon-exchange of small monoatomic cations have been studied

Copyright © 2003 Marcel Dekker, Inc.



extensively, especially with regard to applications in detergents (48). The process can also
be used for the introduction of large cationic chromophores, e.g., methylene blue, into
NaY (37,49). Composite materials consisting of 3-um crystals of zeolite L and pyronine,
oxonine, or resorufin have been obtained by ion exchange from aqueous solution (50,52).

As a result of kinetic investigations of the incorporation of cationic dyes in zeo-
lite L, the ion exchange has been described as an equilibration process, where the ion-
exchange capacity controls the species concentration in molecular sieve channels (51—
53). Attempts with ion exchange from nonaqueous solutions have not been successful up
to now (54).

b. In Situ Guest Synthesis

The in situ synthesis of organic dyes and complexes (55) is a way to incorporate
chromophores that decompose under the hydrothermal conditions of the crystallization
inclusion. “Ship-in-the-bottle” anchoring is the special case of in situ synthesis where the
guest molecule is too large to enter the pore system of molecular sieves. Generally, in situ
synthesis results in an irreversible fixation of guest molecules via steric constraints of the
host material, as was shown for the in situ synthesis of Nile Red in a silica-rich zeolite Y,
resulting in a material with a dye concentration of 0.05 molecule per supercage (56). The
method also allows the synthesis of unstable neutral azo dyes and zwitterionic methyl
orange within negatively charged faujasite NaY (57). A ship-in-the-bottle synthesis of
spiropyrans inside the supercages of NaY was carried out by an intrazeolitic condensation
reaction (58).

There has also been a growing interest in encapsulation of polymers within
inorganic host materials like zeolites, mesoporous silica, or silica nanotubes. The resulting
hybrid materials offer the possibility to study optical and electrical properties of
individual polymer chains or to prepare conducting chains as “molecular wires.” Poly-
merization in zeolite channels (59,60) was carried out in situ with aniline (61,62), pyrrole
derivatives (63), and with vinyl ether (cationic polymerization) in pores of HY to produce
novel hybrid materials (64). The oligomerization of ethene in large (150 um) crystals of
HZSM-5 has also been shown (65).

c. Adsorption

Organic molecules can be inserted by adsorption from the vapor phase or solution into
microporous voids (41,66-69). Only molecules with dimensions that fit to the pores of
molecular sieves can be occluded. In order to prevent coadsorption of the solvent during
adsorption from the liquid phase, the sterically demanding 1,3,5-triisopropylbenzene was
used as a solvent that is too large to enter the pore system itself (70). By this method, many
dyes, e.g., donor—acceptor substituted azo dyes (71), have been incorporated in AIPOy4-5
single crystals.

However, gas phase inclusion should be preferred as a clean method if guest species
are of interest, which can be evaporated. The preparation of composite materials
consisting of large crystals of zeolites and neutral dyes like azobenzene (86) as well as
biphenyl or p-terphenyl (72) were performed by gas phase reaction of the dehydrated host
with the guest molecules. Polar donor—acceptor substituted dyes (73) have also been
successfully incorporated in single crystals of AIPO4-5, ZSM-3, silicalite-1, zeolite X and Y
by using the same method.

Guest/host composites consisting of organic acids (benzoic, salicylic and acetylsali-
cylic acid) and VPI-5 have been obtained by adsorption from a supercritical CO, solution.
Some of the problems found in conventional adsorption processes can be overcome by
using the supercritical fluid technique (74).

Copyright © 2003 Marcel Dekker, Inc.



lll. OPTICAL CHARACTERIZATION OF LARGE COMPOSITE CRYSTALS
A. Microscopy with Polarized Light

The simplest method for the investigation of zeolitic composites is the visual inspection of
crystals by means of microscopy. The color of the crystals is a sensitive indicator for the
incorporation of guest species. Inhomogeneities in the color often indicate diffusion
barriers or crystalline imperfections. Chromophore-loaded zeolite crystals often show
nearly the same color as the nonencapsulated solid dye, but sometimes also drastic color
changes can be observed, indicating a host influence on the dye.

Using linearly polarized light, one can obtain information about the alignment of
guest molecules in the restricted geometry of the host lattice. Anisotropic light absorption

Fig. 2 Microscopic picture of AIPO,4-5 crystals loaded with p-nitro-aniline pNA in transmission
with polarized light. The direction of the polarization plane is indicated by arrows. (From Ref. 69.)

Copyright © 2003 Marcel Dekker, Inc.



or linear dichroism becomes visible by polarization-dependent observation of composite
crystals as shown in Fig. 2 (75). If the dipole moment of the electronic transition of
incorporated molecules and the electric field vector of the polarized light are parallel, the
crystals absorb light strongly, resulting in a dark color. Otherwise the crystals show little
or no coloration depending on the degree of alignment of the guest molecules. These
effects are specific signs for guest incorporation within the host, in contrast to the
adsorption of molecules on outer surfaces.

Perfectly ordered chromophores can be found in zeolite crystals as was shown for
rod-like molecules in the one-dimensional channel system of AIPO4-5 (75) or for
cobalticinium metal-organic complexes in a nonasil framework (76). These crystals appear
as small polarizers that could be applicable in optical microdevices.

The homogenous distribution of the coloring species in red-brown, selenium-doped
cancrinite can also be observed by polarization microscopy. Selenium ions have been
introduced into a cancrinite matrix forming large, uniform, hexagonal crystals of good
optical quality. If the crystals are observed in a transmission microscope using polarized
light, the crystals appear red or yellow for parallel or perpendicular alignment of the
polarization plane relative to the crystal’s long axis, respectively (77).

The isomorphous substitution of Co' for AI'"" in large hexagonal AIPO4-5 crystals
of excellent optical quality also reveals an interesting visual result. The cobalt blue
CoAPO-5 crystals aligned parallel to the polarization plane look turquoise while the
crystals perpendicular to this plane appear red. This has been assigned to structure-related
distortions of the [COHO4/2] tetrahedra (78,79).

Using two crossed polarizers, birefringent properties of dye-loaded molecular sieve
crystals can be visualized. The birefringence mainly results from the ordering of the
molecules by the pores of the microporous host. The crystals appear in artificial colors
due to the interference of the ordinary and the extraordinary light waves which pass
the crystal with different phase velocities. Since the birefringence is strongly controlled by
the guest species, this effect can be used to probe the distribution of adsorbates over the
crystals (75,80).

In summary, visual microscopic investigations on zeolitic guest/host composites are
a simple but sensitive method (a) to find the correlation between crystals shape and the
direction of molecular sieve pores, (b) to check the alignment of guest molecules within
molecular sieve pores, or (c¢) to investigate a structure-related symmetry distortion of
coloring inorganic species and (d) to probe the distribution of guest molecules throughout
the crystal.

B. UV/Vis Spectroscopy on Individual Zeolite Crystals

Since developments in the field of zeolite-based advanced materials critically depend on
improved analytical methods for the characterization of large zeolite composite crystals
(81), useful spectroscopic techniques have been adapted to the study of zeolitic guest/host
materials and intrazeolite chemistry.

The quantification of the anisotropic light absorption is provided by polarization-
dependent UV/vis spectroscopy on large individual molecular sieve crystals. The ab-
sorption bands correspond to optical transitions between electronic states of organic
molecules, which are strongly dependent on the structure, geometry, and symmetry of the
optically functional unit, e.g., of the dye molecules. Since both the orientation and the
electronic states of included guests are important for advanced optical applications of
guest/host composites, polarization-dependent absorption and fluorescence spectra of
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microcrystals can provide valuable information on the electronic states, on the alignment
and intermolecular interactions of included functional molecules, on the influence of
the environment, and on the concentration of zeolite encapsulated organic species (68,
69,73).

The optical anisotropy, caused by the alignment of adsorbed organic molecules
constrained by molecular sieve pores, can be studied quantitatively (Fig. 3) by means of
UV/vis spectroscopy on large crystals. It turned out that this method is especially suitable
for systems with low chromophore concentration (82).

Micro-optical absorption spectroscopy has also been reported for Bil; molecules
incorporated into channels of mordenite and AIPO,-5 single crystals. Based on polarized
absorption spectra, the molecular shape, the location, and the orientation of the guest
species have been discussed. In mordenite, the molecular axis of the Bil; molecules
can be oriented with respect to the molecular sieve channel. Since the polarized
absorption spectra in neutral AIPO4-5 show no dependence on the channel direction,
the importance of the cations for the orientation of the adsorbed molecules seems to be
indicated (83).

The application of the method to inorganic chromophore-zeolite composites has also
been demonstrated in studies on selenium-loaded mordenite (84) and cancrinite (77),
where the absorption spectra strongly depend on the orientation of the zeolite crystals with
regard to the polarization of the observation light. The polarized absorption of selenium-
containing cancrinite single crystals reflects the visual findings of microscopic observa-
tions. Different bands at 290 and 430 nm, attributed to the Se,”>~ dianions, and strongly
polarization-dependent bands at 350 and 510 nm, belonging to the Se, radical anions,
have been found in the absorption spectra (82).

For Co?" and Cr’”" in large AIPO,-5 crystals a polarization-dependent absorption
has been observed, indicating an anisotropic coordination of the coloring species distorted
by the molecular sieve structure (46,78).

O:H—AB—N(CaHd2

absorbance

2;][! l 460 I 64.]0 ‘ 360 I Sﬁﬂ ‘ l 460 BO0
wavelength {(nm)

Fig. 3 Polarization-dependent absorbance of highly ordered arrangements of azo dyes in AIPO,-5.
The polarization of light parallel or perpendicular to the hexagonal AIPO4-5 z axis is indicated by |l
and L, respectively. The spectra of dyes in ethanol are given for comparison. (Adapted from Ref. 71.)
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C. Refractive Index and Birefringence

An application of new materials requires detailed knowledge of relevant material pa-
rameters related to the type of application. For optical devices, the refractive index is of
crucial interest. The design of photonic materials can only be successful if this decisive
material parameter can also be controlled. For example, exact relations between the
refractive indices are required to achieve an efficient frequency conversion process in
nonlinear optical applications.

Most of the methods commonly used to obtain the refractive index cannot be applied
due to the size of molecular sieve host. Recently, a method (70) has been presented for the
determination of the refractive index of dye-loaded molecular sieve crystals intended for
use in optical applications. The method developed for microcrystals is very similar to the
well-known prism method for the determination of the refractive index. The microcrystal
prism method uses the deflection of a light beam by microcrystals and delivers the
wavelength-dependent values for the refractive index. In unloaded samples of AIPOy4-5
molecular sieves, the birefringence (the difference of refractive indices for different polar-
izations) is very small, but it is drastically enhanced in dye-loaded samples. The strong
anisotropy of the refractive index is a direct result of the alignment of molecules. This
effect offers the possibility to control the birefringence of zeolitic optical guest/host
materials by varying the degree of loading. Therefore, refractive indices of guest/host
systems can be tuned in order to meet very special requirements, e.g., for frequency
conversion applications. The microcrystal prism method can be applied to any well-shaped
crystal with known geometry. It has already been used for AIPO4-5- and ZSM-5-based
nanocomposites and for metallo-organic crystals (85).

By measuring the transmittance between two polarizers, one can also determine the
birefringence of large well-shaped single crystals of zeolitic guest/host materials (Fig. 4)
(86). The ordinary and the extraordinary light waves pass the crystal with different veloci-
ties and interfere with each other. This interference results in the oscillatory behavior of
the transmittance. The transmittance of the crystal depends on the phase shift between the
two light waves. If the crystal with thickness L is placed between two parallel polarizers
forming an angle a with the crystal axis, the phase shift 6 results in a transmittance 7,
given by

AT,
T) = Tample — T(l — cosd) (1)

o
where the values Tgumple and AT, can be determined from the extrema in the spectral
behavior of the birefringence. The phase shift is connected with the birefringence
n = n, — n, by

8 = 2w LN )

This method has been applied to the determination of the birefringence of AFI- and
MFI-based composites and allows a determination of the birefringence with an accuracy
of 1072 (86).

D. Infrared Spectroscopy

From the study of infrared (IR) radiation characteristically absorbed by molecules, one
can obtain useful analytical information about vibrational and rotational states of molec-
ular species. Polarized IR spectroscopy can be used for the assignment of the IR bands to
certain vibrations in molecules or for the analysis of the orientation of molecules using the
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Fig. 4 Birefringence of an azobenzene-loaded AIPO4-5 crystal. Top: Determination of the
birefringence from the oscillatory behavior of the transmittance of a 13-um-thick crystal investigated
between two parallel polarizers (thick line). Normal transmittance of the same crystal observed with
a polarization parallel to the crystal’s z axis is given for comparison (thin line). Bottom: The
wavelength-dependent birefringence calculated from the transmittance measurements.

dichroic ratios. Polarized Fourier transform infrared (FTIR) microscopy on individual
zeolite crystals has been used for determining the orientation of the adsorbate molecules in
zeolite pores such as p-xylene-loaded single crystals of silicalite-1. Since the vibrational
modes of para-substituted benzenes are well known, the analysis of the polarization
dependence of characteristic absorption bands leads directly to information about the
orientation of the guest molecules with respect to the channel structure (87).

The orientation of molecules interacting with Brensted or Lewis acid sites were also
analyzed by polarized IR absorption of benzene, acetonitrile, and pyridine within large
crystals of SAPO-5 and GaPO-5 (88). Apart from information on the orientation of guest
molecules, the determination of the strength of intermolecular H bonding is accessible by
means of IR microspectroscopy. Using this method it has been demonstrated that H
bonding between p-nitroaniline (pNA) molecules adsorbed in AIPOy4-5 crystals depends
strongly on loading and temperature, while they are always aligned fairly parallel to the
channel direction of the molecular sieve (89). Molecular vibrations with a transition
moment parallel to the long axis of the pNA such as symmetrical stretching vibrations are
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mainly excited by radiation polarized parallel to the long axis of the AIPO4-5 crystal.
Therefore, it can be concluded that the molecules are oriented parallel to the channel axis.
The dichroic ratio d of the bands

d=1,/1, (3)

can be used to calculate a mean tilting angle of molecules with respect to the channel axis
using the formula

0 = arctan(2/d)"? (4)

For the composite system pNA adsorbed in the one-dimensional pore system of
AIPO4-5, a mean deviation from the crystal’s long axis of about 12° can be inferred from
the dichroic ratio of the symmetrical NH, streching band of the pNA guest molecules at
3392 cm ™' (89).

In situ FTIR microscopic investigation of large single crystals of AFI molecular
sieves has also provided a direct spectroscopic evidence for the existence of Brensted
acid sites (90). A microscope FTIR mapping method (91) has been used for studying
intrazeolitic anisotropic diffusion processes of hydrocarbon molecules in single silicalite
particles. This method is based on the determination of the adsorbate concentration
profiles by spatial measurements of the IR absorbance.

E. Raman Spectroscopy

Like TR absorption bands, the frequencies of the Raman-active vibrations and their
intensities are characteristics of the various groups and linkages in molecules. Fur-
thermore, polarized Raman scattering investigations are a powerful method to check
alignment and interactions of guests molecules and to gain information about inter-
molecular structures, such as hydrogen bonds. For the ordered systems expected in the
case of zeolite-encapsulated species, one can obtain different Raman spectra depending
on the polarization configuration between incident and scattered light with respect
to the sample (Fig. 5). From these investigations, one can identify the alignment
of the Raman-active vibrations in addition to their frequencies and intensities.

For example, the alignment and different physical states of pNA adsorbed in large
crystals of AIPO,4-5 has been investigated by this method (92). The Raman spectra are
characterized by intensive broad background of the zeolitic matrix and some pronounced
bands arising from the guest molecules. Since the pNA molecules have only one relevant
electronic transition polarized parallel to the molecular axis in the visible spectral region,
polarization effects are to be expected. Strong Raman bands of the adsorbate were ob-
tained for a polarization of the incident and scattered light parallel to each other and par-
allel to the crystal’s long axis only. This indicates an excellent alignment of the included
molecules. Comparing the arrangement of pNA in the straight pores of AIPOy4-5 with the
results of Raman spectroscopy of solid pNA, it was concluded that pNA forms dipole
chains with intermolecular hydrogen bonds in both systems. In the solid, the antiparallel
and S-shaped arrangement of the dipole chains causes a total polarization of zero, whereas
in the channels of AIPO,-5 all dipole chains point in the same direction. The noncentrosym-
metrical arrangement results in second-order nonlinear optical effects (see Sec. IV).

Polarized Raman scattering has also been successfully applied to show the stabiliza-
tion of one-dimensional selenium chains within mordenite and cancrinite (93) as well as in
AIPO4-5 (94). Helical Se chains as well as Seq or Seg ring molecules were formed in
mordenite (95) and in AIPOy4-5 single crystals with a size up to 50 x 150 um (96).
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Fig. 5 Raman spectra of pNA in AIPO,4-5 for different polarizations. Strong Raman bands from
the adsorbed pNA were only obtained for excitation with light polarized along the crystal axis (z
direction) and for the detection of scattered light with the same polarization. (From Ref. 80.)

IV. OPTICAL APPLICATIONS BASED ON ZEOLITIC
GUEST/HOST MATERIALS

The optical functions of zeolite-based materials are determined on different length scales.
In the subnanometer range, the electronic states of encapsulated guest atoms or molecules
determine the interaction with photons. On the nanometer scale, functional guest
molecules can be organized and oriented by inclusion in cavities or channels of the zeolite
framework. On the micrometer scale, the optical quality of the zeolitic host controls the
propagation of light, e.g., scattering and diffraction phenomena. Progress in the synthesis
of large zeolite crystals and independent tuning possibilities on every length scale involved
in optical processes allow an efficient design of optical materials.

However, in optical applications of composite materials containing organic parts,
the photophysical and photochemical stability plays a critical role. Because of insuffi-
cient reliability, these materials have not been considered for photonic application up to
now. The lack in photostability leads to a mostly irreversible photobleaching process
in which organic molecules undergo a chemical decomposition upon absorption of light.
Photobleaching can be characterized by a quantum yield of photobleaching ¢y, which
is defined by the number of bleached molecules (N,) divided by the number of photons
absorbed (XN,) during in a fixed time interval: ¢, = Ny,/N,. The complex mechanisms of
photobleaching sometimes involve species from the surroundings, frequently oxygen.
The oxidative attack on dyes by highly reactive photogenerated singlet oxygen is a very
important reaction that may lead to photobleaching (97). Many attempts have been
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made to increase the photostability of organic molecules in matrices, e.g., by variation of
the oxygen concentration, by addition of a protective agent, or by encapsulation of the
organic molecules. However, the stabilization of adsorbed dye molecules by rigid hosts
such as zeolites against photobleaching and other influences is still under discussion
(4,35,98-100).

Enhanced photostability has been obtained by encapsulation of rhodamine B
molecules in solid xerogel matrices (98). It has also been stated that encapsulation
should stabilize Ru(bpy)s> " against irradiation, but the incorporation in supercages of
zeolite Y has not led to a noticeable decrease in photodecomposition as compared with
an aqueous solution (99). On the other hand, an enhanced photostability by incorpo-
ration of dye molecules into molecular sieves has been reported. This effect can probably
assigned to a deactivation of the singlet oxygen 'O, to the normal triplet oxygen *O, by
the surrounding molecular sieve host (4). The photostability of porphyrin incorporated in
AIPO4-5 exceeds that of porphyrins adsorbed at the outer AIPOy4-5 surface by one order
of magnitude (35). The 1,6-diphenyl-1,3,5-hexatriene molecule is reported to be stable
after insertion into zeolite L, although it is very photolabile in solution (100). These
results, indicating an improved chemical and photochemical stability, make the encap-
sulation of organic molecules in zeolite channels a promising strategy for the design of
new zeolite-based materials.

A. Optical Sensing

A sensor is a device that responds to a physical stimulus or to a change in chemical
concentration by converting it to a measurable quantity. Sensors are especially useful for
in situ measurements in industrial processes or medical applications. They should have a
number of qualities such as sensitivity, specificity, selectivity, capability of detection in a
multicomponent environment, and a long lifetime. In optical chemical sensors, the analyte
is recognized because it changes optical properties such as light intensity, luminescence
decay time, spectral position of emission maxima, or polarization of light as a function of
the analyte concentration.

Zeolitic guest/host materials have now been investigated for the use in chemical
sensors because of their high surface-to-mass ratio, their selectivity, as well as their
temperature and long-term stability. Especially for gas phase sensor applications, the highly
porous zeolites are ideal sensor materials, since they provide good contact with the gas
stream. The progress in the oriented growth of zeolite films (101-103), as well as the recently
developed transparent zeolite films (12,13,104) and silicon wafers with spatially ordered
zeolite particles (105) have enlarged the possibilities for application (106).

An optical organic-vapor sensor has been designed by inclusion of the highly
solvatochromic dye Nile red within the nanopores of zeolite Y (107). In the presence of
various organic molecules, Nile red exhibits wavelength shifts in both absorbance and
fluorescence bands. Restriction of the dye molecule in the zeolite pores results in a high
selectivity by combining the shape selectivity of the inorganic host with the chemical
sensitivity of the solvatochromic guest species.

The efficient luminescence quenching properties of a zeolite-encapsulated rutheni-
um(IT) bipyridyl complex (Ru?" (bpy)s) by oxygen has been used for the development of
an optical sensor with special properties. The crystalline inorganic matrix of zeolite Y
incorporated into silicon polymers provides good long-term stability, fast response time to
oxygen, high quenching efficiency, and a unique sensitivity of the novel zeolite-based
oxygen sensor material (108). A high-temperature fiberoptic gas sensor has been developed
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Fig. 6 Fluorescence response of a fiberoptic sensor at 500°C. The end of a 440-pum-thick silica fiber
was coated with silica-encapsulated Cu:ZSM-5 and excited with blue or UV light. Devices with
different thicknesses of the sensitive material were tested in gas mixtures of oxygen and various
reductants. Here the oxygen content is switched between 3000 ppm and 300 ppm at 100-s intervals.
(From Ref. 109.)

with copper-exchanged zeolite Cu:ZSM-5 showing fluorescence quenching in the presence
of oxygen. The quenching mechanism involves the rapid and reversible conversion of
strongly fluorescent cuprous Cu' " ions to nonfluorescent Cu”" ions. The fluorescence
intensity being proportional to the Cu'* concentration was, therefore, directly dependent
on the oxygen content in the analyte (Fig. 6). The Cu:ZSM-5 fluorescence indicator was
bonded onto the end of a silica optical fiber, employing sol-gel-processed silica as a binder.
As a result of this development, a solid-state high-temperature oxygen-sensitive device
with a silica-encapsulated Cu:ZSM-5 sensor element is feasible as shown in Fig. 6 (109).

Microdevices such as chemical sensors are also suitable for laboratory-on-a-chip
applications (110,111). Zeolites with their high adsorption capacity can enhance the
sensitivity of microscaled sensor devices. For example, the application of ultrathin
LTA-type films grown on piezoelectric devices for humidity sensing has been proposed
(103). Similarily, a novel MFI-based chemical sensor has been developed by combining
the high sensitivity of micromechanical cantilevers commonly used for atomic force mi-
croscopy with the excellent adsorption properties of microporous single crystals. The
miniaturized device operates as a humidity sensor probing the increase in weight of a few
microcrystals due to water adsorption in the nanogram range (112).

B. Light Harvesting

The primary processes of natural photosynthesis consist of the photon absorption by the
light harvesting complex (LHC), the ultrafast energy transfer, and the trapping in the
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reaction center where the conversion of solar energy into chemical energy takes place. It is
remarkable that the absorption process and the conversion of the excitation energy into
chemical energy are spatially separated from each other. A larger number of antenna
pigments provide an increase in the overall cross-section for light absorption, they harvest
the sunlight and channel photons via a rapid energy transfer to a reaction center. The
collection of light energy by many pigments and the transfer to one reaction center is
the so-called antenna effect. This antenna effect has also been studied in artificial systems.
The interest in these studies is not only to provide a better understanding of the light
harvesting step but also to design artificial devices for solar energy conversion (113).

Organized dye molecules in the channels of zeolite microcrystals provide very
promising possibilities to form an artificial antenna device (114-116). The well-defined
spatial arrangement of guest molecules in cages and channels of crystalline zeolites results
in molecular assemblies which additionally promote the stabilization of photochemically
generated redox pairs. The possibility for intrazeolitic long-lived charge separation has
been demonstrated, for example, in zeolite L (117) and in faujasites (118,119).

Cationic dye molecules entrapped in the channels of large crystals of zeolite L by an
ion-exchange process have also been used as light-harvesting systems (Fig. 7) (120). The
restricted geometry of the zeolite pores prevents dye aggregation and self-quenching even
at high dye concentrations. The occurrence of energy transfer has been proven by

Fig. 7 Schematic picture of a zeolite L-based artificial antenna system for light harvesting. The
light is absorbed by organized organic guest molecules acting as donors (empty rectangles) and
transported by energy migration to an acceptor acting as a specific trap (dark rectangles). The
bottom detail shows a dye molecule, with its electronic transition moment aligned with respect to the
channel axis of zeolite L. (From Ref. 121.)
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simultaneous incorporation of two different fluorescent dye molecules—pyronine and
oxonine—using fluorescence spectroscopy of zeolite suspensions or fluorescence micros-
copy on large zeolite L single crystals (72). After excitation of pyronine molecules at 470
nm, the fluorescence emission of both pyronine and oxonine has been observed, demon-
strating an intrazeolitic energy transfer.

The efficient light-harvesting nanocrystals of dye-loaded zeolite L showing extremely
fast energy migration may have great potential for the development of a new type of thin-
layer solar cell in which the absorption of light and the creation of an electron-hole pair
are spatially separated, as has been known from the natural photosynthesis process (121).

C. Lasing

A laser medium can amplify light by stimulated emission. Incorporation of such a medium
into a resonator results in a laser that has a highly monochromatic and coherent output.
The properties of laser light offer applications ranging from spectroscopy to material
science or communication technology. Microlasers and microresonators are of consid-
erable interest in device technology for miniaturization reasons and because interesting
properties result from the reduction of the laser dimensions.

Attempts have also been made to develop solid-state lasers based on organic dye
compounds. Zeolitic guest/host systems are one example of these developments leading to
new microlasers. They have been based on strongly fluorescent guest molecules, e.g.,
pyridine-2 (122) or rhodamine BE50 (123), incorporated into AIPO4-5 microcrystals.

The properties of a microlaser depend on its gain, efficiency, thermal sensitivity, photo-
chemical stability, and scattering losses, but also on size and shape of the microresonator.
Since the zeolite host crystal forms a hexagonal micrometer-sized prism, a naturally grown
microresonator supporting a so-called whispering gallery mode has been realized (Fig. 8).
The large number of laser-active organic molecules that could be incorporated in the
molecular sieves may result in different systems with laser properties, covering the whole
visible spectral region. In addition, the light generation efficiency could be increased in
these microlasers since the spontaneous emission rate is modified by the confinement of
the modes in a small volume. The photon confinement in a microresonator and scattering
phenomena induce interesting effects recently reviewed in detail by Laeri et al. (124).

Zeolitic guest/host systems combine organic laser-active media and crystalline,
inorganic, hexagonal microresonators into a micrometer-sized laser material which is of
interest for micro-optoelectronic devices.

D. Frequency Conversion

In addition to the alignment of molecules, an interesting phenomenon occurs for dipolar
molecules adsorbed in pores of molecular sieves. It was found (67,125-128) that these
molecules show a preferred dipolar orientation in the pores resulting in large polar
domains. This noncentrosymmetrical arrangement of molecules resulting in a macroscopic
dipole moment is an unique phenomenon with remarkable physical implications. The
most important of them are the nonlinear optical properties. They are caused by the
nonlinear behavior of the polarization, which has second-order effects in polar systems.

Usually, light waves do not interact with each other and the medium shows linear
optical behavior. Mathematically this is described by a linear relation of the polarization P
of the medium with the electric field strength E,

P:)((1> E
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Fig. 8 SEM picture of a pyridine-2/AIPO,4-5 microcrystal bundle with laser properties. The middle
section forms the optical resonator by total internal reflection at the side faces inside the hexagonal
prism (whispering gallery mode). (From Ref. 122.)

which is valid at low light intensities. Here »'") is the (first-order) susceptibility of the
medium. At higher light intensities, deviations from this behavior occur and lead to a
nonlinear response of the medium. This is described by additional terms in the power
expansion which can be related to higher order nonlinear optical effects.

P=yVE+ yPEE+ y¥EEE+ - - (5)

Here 7™ are the higher order susceptibilities. The second-order effects are the
strongest nonlinear effects and, therefore, the most important ones. Electro-optical
switches and frequency converters can be constructed on the basis of these effects.
Second-harmonic generation (SHG), which is also related to the second-order suscepti-
bility @, also has some importance for applications but its most valuable properties are
easy detectability and suitability for material characterization.

Molecular sieve powders containing organic guest molecules were investigated by
SHG. Surprisingly, it was found that most of these composites show rather strong non-
linear optical (NLO) effects (67). It became clear from these experiments that polar do-
mains of dipole molecules were formed, but the origin of these polar arrangements
could not be clarified and has been a matter of discussion up to now. The most probable
mechanism for the formation of the polar arrangements is the ordering of the molecules
into polar chains during the entrance process into the molecular sieve channels (125-127).
This mechanism is consistent with the pyroelectric studies on these materials, which
revealed the size of the polar domains (128,129).

Better insight into the NLO properties was gained by using large dye-loaded
single crystals allowing polarization-dependent detection of the frequency-doubled
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radiation (125). It was possible to determine the different nonlinear susceptibility tensor
components that contain the detailed NLO parameters of the material. It was found for
pNA-based composites that the frequency-doubled radiation is polarized parallel to the
direction of the straight channels (e.g., in AIPOy4-5) (125,126). Furthermore, the second
harmonic can only be generated if the exciting light wave has a polarization parallel to
the same axis. This means that the nonlinear susceptibility tensor is dominated by one
component (y,,,) only, or, in other words, that only waves polarized parallel to the channel
direction can interact with each other. It was recognized, however, that it is impossible for
such a material to fulfill a so-called phase-matching condition. Phase matching is a con-
dition for the refractive indices of the NLO material and a prerequisite for any technical
useful frequency-doubling material. To turn the dye-loaded zeolites into materials that
could be of practical usefulness, it is necessary to tune the different tensor components in
order to fulfill these conditions.

It can be shown that the NLO properties are determined by the direction and
strength of the electronic transitions in the UV/vis region (126). These transitions are
predominantly controlled by the guest molecules if a transparent host material is used.
Very often, the optical behavior of the guest molecules can be described by a very low
number (2 or 3) of electronic levels. Furthermore, the geometrical arrangement of these
few-level systems is of importance. Unfortunately, pNA forms perfectly aligned electronic
two-level systems in AIPOy4-5. Since all the electronic transitions are aligned parallel to one
axis, only the electric fields parallel to this axis have a role in the NLO processes.
Therefore, these materials seem useless for frequency conversion applications.

In contrary, dimethylaminobenzonitrile (DMABN) represents an electronic three-
level system. Therefore, composites of DMABN and AIPOy4-5 behave very differently
toward pNA/AIPOy4-5 as shown in Fig. 9 (126). Here the generated second harmonic
radiation is not linearly polarized any longer. When the SHG polarized perpendicular
to the axis is analyzed, the maximal SHG occurs at an angle of 45° between the
polarization of the incident light and the crystal’s long axis. When the SHG polarized
parallel to the crystal axis is detected, a maximum of the SHG is obtained for a
parallel polarization of the incident light, as for the pNA-based composites. It is obvi-
ous that different components of the susceptibility tensor are responsible for the differ-
ent SHG signals here. These components result from different electronic transitions in
DMABN in the visible region which show different orientations of the transition di-
pole moment in the molecule. In this guest/host system it is, therefore, possible to
mix waves of different polarizations. This fact is an important precondition for the real-
ization of phase matching in this material and, therefore, for efficient wavelength con-
version.

Besides the electronic states, the geometrical arrangement can also be used to tune
the tensor elements. For example, it has been shown that pNA forms zig-zag chains in
silicalite-1. This composite shows tensor components different from y,,, as well (127).

A large number of composites of molecular sieves, such as AIPOy4-5, AIPO,-11,
VPI-5, ZSM-5, and dipole molecules, such as pNA, DMABN, and others, have been
investigated. The polar orientation of the dyes in channels has been found in most of these
systems, which could be the basis for the construction of NLO materials consisting of
molecular sieves and organic molecules. The magnitudes of the 7@ values of the
composites obtained can differ significantly. Larger m systems show stronger NLO effects
but they are also geometrically larger. Therefore, incorporating a high concentration of
molecules like substituted stilbens into the pore structure of molecular sieves turned out to
be a difficult undertaking.
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Fig.9 Dependence of the SHG intensity on the polarization of the incident beam for the composite
of DMABN and AIPO,4-5. The angle ¢ is measured between the polarization plane of the incident
beam and the crystal axis. (Adapted from Ref. 126.)

E. Photochromic Switching

Photochromism is the reversible phototransformation of organic molecules between two
forms with different absorption spectra (130). Photochromic materials are used in the
areas of actinometry, security printing, light filtering, or optical data storage. For photo-
chromic processes, a change in molecular orientation, molecular structure, or charge
distribution due to different mechanisms is necessary. This change can be due to (a) cis-
trans isomerization, (b) hydrogen tautomerism, (c) cyclization, (d) bond cleavage, (e)
dissociation, (f) dimerization, (g) charge transfer, or (h) changes in the intermolecular
arrangement (131).

A number of photochromic systems mainly based on cis-trans isomerization and
bond cleavage reactions have been studied after incorporation into molecular sieves. They
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have been prepared by adsorption of dyes, by crystallization inclusion, or by ship-in-the-
bottle synthesis of photochromic molecules. The photochromic spiropyran 6-nitro-1",3',3'-
trimethylspiro[2H-1]benzopyrane-2,2'-indoline was successfully synthesized in the fauja-
site supercages of NaY (132). Its photochromic properties are due to reversible bond
cleavage of the closed colorless spiro form into the open, deeply colored merocyanine
form. The conversion is triggered by UV light of different wavelengths and can be
monitored by characteristic UV/vis spectra. In solution, the spiropyran molecule exists
in the spiro form and is isomerized by irradiation with UV light to the colored mero-
cyanine form. In the polar environment of molecular sieve pores, however, the mole-
cule is stabilized in the zwitterionic merocyanine form and can be converted to the
colorless spiropyran form by irradiation. A pronounced reversibility of the photochromic
behavior was found. After irradiation of the colored dye-containing zeolite, the strong
absorption at 550 nm is bleached, whereas a thermal relaxation in the dark recovered the
characteristic absorption of the merocyanine form in the visible spectral range (58).

Photochromic properties as a result of cis-trans isomerization have been investigated
after incorporation of olefins in faujasites and pentasil-type zeolites. A restricted rotational
and translational motion of the olefin molecules stilbene and 1.4-diphenylbutadiene was
found in the constrained environment of the zeolite pores (133). In ZSM-5 with smaller
pores, the isomerization of trans-stilbene is more hindered than in NaY, as was shown by
combined NMR and fluorescence lifetime studies (134-136). A photosensitized isomer-
ization of cis-stilbene after intrazeolitic synthesis of the photoinduced electron-transfer
sensitizer 2,4,6-triphenylpyrylium cation within the cages of zeolite Y has also been
reported (137).

Photochromic azo group—containing composite materials have been extensively
studied with respect to their optical properties. The efficient photoinduced processes
are caused by trans-cis isomerization, which is reversible even in rigid matrices (130,138).
As in various other media, two configurations of azobenzene (139) exist in pores of
zeolites such as ZSM-5 (86,140), silicalite-1 (86), mordenite (141), zeolite X (142), Y
(143,140), as well as in the molecular sieve AIPO4-5 (86,144). The metastable cis-
azobenzene is formed from the trams-azobenzene by a photoinduced isomerization
process. After irradiation with UV light, leading to the cis isomer, the wn* band is
diminished and blue shifted, whereas the intensity of the nw* band around 425 nm is
increased (Fig. 10). Irradiation with blue light regenerates the thermodynamically stable
trans isomer.

Pronounced photochromic effects have been found for azobenzene incorporated in
the anisotropic channel structures of AIPO4-5, ZSM-5, and silicalite-1 which provide a
valuable basis for the further development of optical microswitches. However, photo-
chromic changes of these composites are in most cases not sufficient for an application in
optical switches for information processing because of destructive readout problems and
thermal problems.

F. Photosensitive Refractive Index Switching

During the switching of photochromic materials, not only absorption spectra are altered
as a result of different molecular or geometrical structures, but also dielectric properties or
the refractive indices. Refractive index changes can effectively influence the flow of light
through a medium. In devices, this can be realized electrically through the application of
voltage, by mechanical changes, by photogeneration of charges, or by the use of heating
effects. Organic polymers with thermosensitive refractive indices are currently being
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Fig. 10 Photochromism of azobenzene incorporated in ZSM-5. The microspectroscopic

absorption of a dye-loaded zeolite microcrystal was measured after short-wavelength (cis isomer,
solid squares) and long-wavelength (trans isomer, open circles) irradiation. (Adapted from Ref. 86.)

considered as switching components in optical fiber switching devices (145). These
components could be replaced by photochromic materials that change their refractive
index by optical stimulation only. They can be applied to various photonic devices, such as
erasable optical memories or opto-optical switches and displays.

Incorporation of photosensitive guests into the pores of molecular sieves (43,134,
146,147) make zeolite-based composites interesting for photoswitchable materials.
Refractive index changes resulting directly from the photochromic changes are, however,
very small. This result is drastically changed if an ensemble of aligned guest molecules is
switched within molecular sieve pores. In this case, an extremely high photosensitive
change of the refractive index was found, caused by intrazeolitic photoinduced trans-cis
isomerization of azobenzene (86). In addition to the photochromic behavior described in
Sec. IV.E, different orientations of guest molecules occur after appropriate irradiation.
These different orientations in the molecular sieve channels are caused by the different
shape of the azobenzene isomers. The switching process leads to the changes in the optical
transmission visible in Fig. 11, which is the quantification of different interference colors
of the birefringent molecular sieve crystals observed between crossed polarizers. The dye-
loaded AIPOy4-5 crystal investigated in the measurements shown in Fig. 11 appears green
before irradiation, due to a maximal transmission at about 550 nm, but after short-
wavelength irradiation it looks red, corresponding to a transmission at about 650 nm.

Interestingly, there is a wavelength (650 nm) for the composite crystal under study
where the transmission changes from 2% to 95% after irradiation (see Fig. 11, top). Here
the transmission of the setup can be switched between two stable states with a high
contrast ratio using optical stimulation. This is an opto-optical switch realized on the
micrometer scale.

The strong alteration of the birefringence upon irradiation was found to be a direct
consequence of the alteration of the molecular alignment. The molecular sieve crystals in
the trans state, which contains preferentially the better aligned rod-shaped trans-azoben-
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Fig. 11 Photosensitive birefringence of an azobenzene-loaded AIPO4-5 microcrystal. Top:
Transmission spectra of a crystal measured between two polarizers after irradiation with short-
(solid squares) and long-wavelength (open circles) light. Bottom: Birefringence changes of the
microcrystal determined from the transmission measurement using two parallel polarizers.

zene, show higher birefringence than the cis state composite encapsulating preferentially
the bent cis-azobenzene molecules. These orientational rearrangements in molecular sieve
channels increase the photosensitive refractive index changes compared with those
resulting from the photochromic effect only. The type of the molecular sieve influences
the magnitude and the characteristics of the switching process. This indicates an important
role of the host—guest interactions in the isomerization process (151).

One of the main characteristics to be considered in developing photosensitive
materials is the maximum refractive index change or the dynamic range of the effect.
For AIPOy4-5 composites, photosensitive refractive index changes An’ up to 0.045 have
been found from measurements of the birefringence between two polarizers of a micro-
scope spectrometer as described in sec. I11.C. The magnitude of the photosensitive effect in
azobenzene-loaded AIPO4-5 is remarkable and offers the possibility of realizing zeolite-
based micro-optical switches. However, practical applications to the actual photonic
devices require a critical evaluation of the organic/inorganic photosensitive materials
from various points of views, including (a) stability of both switching states, (b) sensitivity,
(c) response time, (d) reversibility of the effect, and (¢) nondestructive readout capability
(148). Some of these parameters have been investigated in order to check the properties of
azobenzene-loaded AIPO4-5 composites with photosensitive refractive index changes for
their use as photoswitchable materials.

Copyright © 2003 Marcel Dekker, Inc.



1. Switching-State Stability and Sensitivity

The stability of the switching states is of crucial interest for optical applications. Only the
trans isomer of the photochromic azobenzene guest molecule is thermodynamically stable.
After the photoinduced generation of the metastable cis isomer within the molecular sieve
pores, azobenzene thermally relaxes to the stable trans isomer. This cis-to-trans relaxation
can be monitored by UV/vis spectroscopy of the characteristic spectral changes as a
function of time. Unfortunately, the disturbance of the thermal relaxation by the
observation light during microspectroscopic investigations complicates the process
(151). Taking this influence into consideration, the lifetimes 7/, of the metastable cis-
azobenzene in different molecular sieve hosts were determined. It turns out that both the
thermodynamically stable trans state as well as the metastable cis state can be considered
as being long-term stable in the dark from the applicational point of view.

Another important parameter of photorefractive materials is sensitivity. The photo-
refractive sensitivity S,» is defined as the magnitude of the refractive index change
produced by a certain amount of irradiation energy (149). The sensitivity of the cis-
to-trans as well as the trans-to-cis reaction of an azobenzene/AIPOy4-5 composite has been
determined by observing the kinetics of the refractive index changes upon irradiation. The
calculated values S,,=—4.1 and 6.5 cm?/kJ, respectively, are comparable to those
reported for inorganic photorefractive materials like lithium niobate (150).

2. Nondestructive Readout Capability and Reversibility

Destructive readout problems of an azobenzene/AIPO4-5 microswitch are naturally min-
imized by the low spectral overlap between the switching light generating the two states of
the microswitch and the readout light. One can choose the readout wavelength in the low-
energy spectral range, e.g., at 750 nm. Nevertheless, minor destructive readout can also be
detected in this system. In a repeated optical measurement of the cis state, an influence of
the measurement light was indeed found (151). However, this effect strongly depends on
the experimental conditions, which can be chosen in such a way that the readout of the cis
state is possible several hundred times before it is destroyed. This capability of refractive
index switches is a clear advantage over photochromic switches that always seem to suffer
from destructive readout problems.

The reversibility of the zeolite-based photoswitchable material has been checked by
alternating irradiation of a composite crystal with light of the wavelength 360 nm and 436
nm, generating the cis or the trans isomer of the azobenzene molecule, respectively. The
difference of the birefringence in the cis and trans state composites changes only slightly
with the number of cycles. The reversible photosensitive change in the refractive index of
the composite material is preserved over several cycles as shown in Fig. 12 (151).

A quantification of the reversibility of photoswitchable compounds is the number of
repetitions N, after which the switching effect has decreased to half the value of the first
cycle. For the azobenzene/AIPOy4-5 composites, a value of about 300 was estimated from
the measurements shown in Fig. 12. This value considerably exceeds N;, of other
photochromic organic/inorganic composites (152), but it requires further efforts to
increase this quantity in order to design a useful material.

Regarding optical applications, azobenzene-loaded AIPO4-5 nanocomposites fulfill
important conditions for the construction of photoswitchable microdevices. Because of
their large refractive index changes, their long-term stability, and reversibility of the
switching states, they represent a first step in the development of all-optical microswitches
based on dye-loaded zeolite single crystals.
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Fig. 12 The reversibility of the photosensitive switching process of an azobenzene/AIPO4-5 crystal
under alternating short-wavelength (360 nm; —M—) and long-wavelength irradiation (436 nm;
—O—). (Adapted from Ref. 151.)

V. OUTLOOK

In recent years, a great deal of interest has been directed to the use of zeolites and related
microporous solids in the development of ultraselective catalysts, clever design of chemical
and biological sensors, and modified membranes. Zeolites can also act as effective host
frameworks for encapsulating and organizing molecules, crystalline nanophases, and
supramolecular entities inside the zeolite pores. The properties of zeolitic guest/host
materials can be tuned through the selection of host structure, guest molecules, guest
content, and distribution. Space confinement and host—guest interaction result in compo-
site materials having novel optical, electronical, and magnetic properties of interest for the
development of advanced materials.

Potential applications can, for example, be expected in the field of zeolite-based
optical switches that route information in the form of light, rather than converting it to
electronic signals as most of the current switches do. Optical switches are a critical
bottleneck in the miniaturization of light-affecting devices that are indispensable for future
communication systems. The described microporous host/organic guest systems demon-
strate the potential of molecular sieve—based composites to be used in a new generation of
high-efficiency optoelectronic and photonic devices such as light-harvesting systems,
optochemical sensors, microlasers, frequency converters, as well as micro-optical switches
based on zeolite single crystals.
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