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Composite Materials

molecule spectroscopy.

Introduction

Inorganic molecular sieves contain chan-
nels and cavities of molecular dimensions
(microporous materials with diameter of
~0.35-1.5 nm, mesoporous materials with
diameter of ~1.5-20 nm). These nanopor-
ous networks play a major role in material
science because of the possibility that
physical and chemical properties can be
tuned widely, for example, pore diameter,
polarity or chemical affinity of the internal
surface.!'] Inorganic molecular sieves have
very high internal surface area (up to more
than 1000 m? g~') and therefore high
adsorption capacities. Several places for
interactions with guest molecules exist. The
structural peculiarities of inorganic mole-
cular sieves enable the incorporation of
optically active guests often in crystal-
lographically defined positions or highly
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Nanoporous Networks of Si-, Al-, P-Oxygen
Tetrahedra with Encapsulated Dyes as New
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Summary: Microporous and mesoporous molecular sieves like zeolite faujasites,
AIPO,-5 and Si-MCM-41 are obtained by polycondensation of oxygen containing
tetrahedra of the metal aluminium, the semimetal silicon and the non-metal
phosphorus by conventional or microwave-assisted hydrothermal synthesis. The
encapsulation of dyes after different methods is described. Monomolecular distri-
bution of dyes in the framework of the hosts is obtained. The encapsulated dyes show
high absorption and fluorescence intensities which is interesting for photochromic
switches, optical sensors and lasing. The location of a dye is identified after single
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organized arrangements.[2'3] The monomer
encapsulation leads to composite materials
with novel properties, which goes far
beyond the traditional areas and points
out domains of electronic and optical
applications.*®! In the following at first
the network formation to get nanoporous
systems starting from low molecular metal,
semimetal and non-metal precursors is
exemplarily pointed out. Then different
methods for the encapsulation of organic
dyes and properties of the composite
materials are described. All steps for the
syntheses of molecular sieves and the
different methods of dyes encapsulations
must be carefully controlled by X-ray
diffraction, nitrogen sorption, FTIR and
UV/Vis reflectance spectroscopy.

The Hosts Inorganic Molecular
Sieves

Zeolites are aluminosilicates with the metal
aluminium and the semimetal silicon of
the composition in the case of Faujasites
of xMM"[(AIO,)«(Si0,),],H,O with a
negatively-charged lattice.[* They consist of
edge-connected [Si(IV)O] and [A(IIT)O] ™
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tetrahedra with charge compensating inor-
ganic cations like Na™. In faujasite zeolites
the diameter of the supercage is 1.3 nm with
windows of 0.74 nm. The microporous
molecular sieve AIPOy4-5 of the composi-
tion nT[(Al1O,)(PO,)]H,O (T = template)
exhibits a hexagonal anisotropic, one
dimensional channel structure with a chan-
nel diameter of 0.73 nm in the direction of
the crystallographic ¢ axis. The lattice of
AIPO4-5 is constructed with the metal
aluminium and the non-metal phosphorus
by alternating [AI(IINO]~ and [P(V)O]*"
tetrahedra leading to a neutral lattice.”!
Finally, the mesoporous silicates of
the M41S family like Si-MCM-41
(channel diameter ~3.1nm) with connected
[Si(TV)O] tetrahedra in the composition
nD[SiO,],wH,0O (D = detergent) are men-
tioned.!) These silicates are ordered, but
not conventionally crystalline, since the
pore walls are usually amorphous.

For the synthesis of inorganic molecular
sieves mainly methods based on empirical
experiences are used because the mechan-
isms of formation are often not known in
detail. The syntheses start from low mole-

cular sources of oxygen containing Al(III),
Si(IV) and P(V). Temperature, pressure,
pH value (acidic or basic), time of crystal-
lization, concentration of reagents and the
presence of a structure directing organic
agent are important parameters to be
considered in the direction of a specific
molecular sieve phase. The formations are
polycondensations occurring through the
reaction of the precursors. Exemplarily the
formations of AIPO4-5 and Si-MCM-41
are mentioned.

Aluminumphosphates like AIPOy4-5 are
prepared hydrothermal under autogenous
pressure in the temperature range of 100-
250°C.571 Based on a mixture of
AI(O)OH) or Al alkoxides and phosphoric
acid in water a aluminumphosphate gel is
formed first, and then in the case of AIPO,-
5 the template tri-n-propylamine as struc-
ture directing agent is added. At first,
phosphate ions form in a weakly acidic
medium covalent bonds by bridged oxygen
with aluminum atoms. Important is then the
condensation of these molecular alumino-
phosphates to one-dimensional polymer
chains consisting of four-membered-rings

Figure 1.
Morphologies and molecular structures of zeolite faujasite (1a,b), AIPO,-5 (2a,b) and Si-MCM-41 (3a,b).
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of AI(III) centers with the unit [AIOO-
P(OH),00],.[!! The linear chains are
meta-stable and can partially hydrolyze to
open chain moieties with AI-OH and P-OH
groups. In dependence on the structure
directing agent and the reaction conditions
these precursor chains condense via two-
dimensional porous layer structures to
three-dimensional microporous  solids.
The cationic structure directing amines
(pH at the beginning is slightly acidic)
reduce the electrostatic repulsion between
the precursor chains by formation of ionic
and/or hydrogen bonds. Crosslinking
between the chains results stepwise in a
porous structure. The long reaction time of
around one day (at T~150°C) can be
reduced to several minutes under condi-
tions of the microwave-assisted hydrother-
mal synthesis as mentioned below.[”)

In addition, fundamentals of the proce-
dure for the synthesis of the silicates of the
MCM-41 are given. Suitable amounts of a
silicate source (e.g. tetraethoxysilane,
TEOS), a cationic detergent (e.g. cetyltri-
methylammonium chloride, CTAC), tetra-
methylammonium hydroxide (TMAOH)
and water are mixed.["! The mixture is
heated for 24 till 144 h up to a temperature
of ~100°C. Under microwave-assisted
conditions the reaction time is reduced to
~15 min.””’ By calcination at T ~ 500 °C or
treatment with solvents the template-free
mesoporous silicate can be obtained. The
mechanism for the formation of Si-MCM-
41 under alkaline is shown schematically in
Figure 2. The detergent forms rod-shaped
micelles which further organize to a
hexagonal liquid phase interacting then at

lyotropic
LC-phase
globular rod-like ofLTAC
micelle micelle
of CTAC of CTAC
%% T
Figure 2.

high pH values with the silicate anion which
results in hexagonal arrays of a silicate
layer.[6’m]

It was pointed out before that under the
microwave-assisted conditions compared to
the conventional conditions the reaction
time is drastically reduced. This can be
related to the different heating process
using microwave radiation at 2450 MHz.
When microwave energy penetrates the gel
mixture, a rapid heating occurs because the
radiation at 2450 MHz matches the rotation
frequency of the water dipoles. It must be
pointed out that under these changed
reaction conditions the gel composition of
the reactants must be changed in order to
get pure a pure phase of the molecular
sieve.”l One possibility for the encapsula-
tion of dye molecules is the addition of a
dye to the gel mixture of the hydrothermal
synthesis as discussed below. Under the
conditions of the conventional hydrother-
mal synthesis with a long reaction time
polar dye molecules react more easily and
are destroyed. This can be avoided under by
the short reaction time of the microwave
assisted synthesis. This is shown in Figure 3
for Coumarin 40 added to the gel mixture of
the AIPO,-5 synthesis.[’?

The defined cavity/channel diameter,
the high internal surface area, the excellent
mechanical stability and specific host/guest
interactions are important factors for the
inclusion of dyes and colored metal com-
plexes. In relation to the optical properties
of encapsulated coloured compounds, the
transmission for visible light and the optical
homogeneity are other important para-
meters. In the following examples for

mesoporous MCM-41 (pore diameter 3.2 nm)
with template

without template

Si-MCM-41 formation after the LC-template mechanism.
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Figure 3.

Absorption spectrum of Coumarin 40 1 in water (1).
Reflectance spectra of 1 in AIPO,-5 obtained at
T=150°C under microwave conditions after 45 min
(2) and by conventional synthesis after 4 h (3).

permanent inclusion of these guests
obtained by different methods and the
optical properties of the composite materi-
als are given./*! The encapsulation of some
dyes shown in Figure 4 will be discussed.

In Situ Syntheses of Dyes in
Zeolite Faujasites

The in situ synthesis (also called “‘ship-in-
the-bottle” technique) of phthalocyanine
metal complexes, azo dyes and spiropyran
dyes in faujasites NaY, HY and DAY was
in detail described by our group.[“'13]
Exemplarily, the synthesis of the photo-
chromic spiropyran is discussed. The in situ

H,C, CH,

\

N’Q
<

/)\1 0o

1: Coumarin 40

2: spiropyran

4: sulfo-rhodamine B22

5: rhodamine BE50

Figure 4.
Structures of dyes discussed in the text.
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synthesis enables to include polar dyes and
to build-up chromophore molecules with
diameters exceeding the window width of
the zeolite cages. After their formation the
dyes cannot be removed by solvent extrac-
tion (size of synthesized spiropyran dye 2:
1.4 x 0.74 x 0.35 nm>; faujasite diameter of
windows 0.74 nm and of supercages 1.3 nm).
The developed method for the synthesis of
pure organic chromophores in the super-
cages of faujasites follows the simple
scheme A +B—C. In a first step a pre-
cursor for the dye has to be fixed by
interaction with the zeolite lattice on
adsorption sites. For example, a basic pre-
cursor A (for the synthesis of 2: 1,3,3-methyl-
2-methylene-indoline) are bound by acid-
base interaction with the host (Figure 5).
Therefore, HY (acidic H™ exchanged
faujasite) is preferable compared to NaY
(Na™ exchanged faujasite) and DAY (par-
tially dealuminated faujasite). After careful
cleaning of the molecular sieve from the
excess of non-interacting basic precursors,
the chromophore synthesis is achieved by
diffusing the second educt B (for the
synthesis of 2: 5-nitrosalicylaldehyde) into
the porous zeolite structure and subsequent
reaction. Whereas the small educt mole-
cules can enter the pore system, the larger
size of the formed dye molecules inhibits
their diffusion out of the supercages. The
in situ synthesis of 2 in the faujasite
structures NaY, HY or DAY yielded
loadings, which can be expressed as percent

CH,
N

trans merocyanine form of 2 _ Y
0,8 N—2zn—=N_ | SO,
= N

NN N

N cio,;
N
AN o SN 3: tetrasulfophthalocyanine

A N

6: oxazine 1
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Figure 5.

Synthesis the spiropyran 2 in the cavity of a faujasite.

of filled supercages, e.g. NaY (02%)<
DAY (4%)<HY (34%). In the case of
HY this corresponds to 5.6 wt.-% or 1.7 x
10~* mol g~ .

A broader application of organic photo-
chromic compounds for fluid-flow visuali-
zation, optical switching and information
storage' is mainly restricted by their
limited photostability (photodegradation)
and quick relaxation of the energy-rich
photoinduced state. It is expected that the
polar faujasite matrix will stabilize the
optical switching properties due to distinct
host-guest interactions. In the case of
spyropyrans the optical switch occurs in
organic solvents or polymer films between
the spyropyran 1 and its merocyanine form
(Figure 4). But the nature of the thermo-
dynamically stable constitutional isomer of
a spiropyran incorporated in a host matrix
depends on the host-guest interactions. If

300 400 500 600 700 800
Wavelength / nm

Figure 6.

Diffuse reflectance UV/Vis spectra: (a) of the proto-
nated merocyanine form of 2 in DAY (10 °mol g~
formed after irradiation (/e = 467 nm) of the incorp-
orated form, (b) after thermal relaxation at room
temperature for 65 h and (c) after irradiation
(;“exc:347 nm)'

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

spiropyrane

the host exhibits significant Brgnsted acid-
ity, as in the case of molecular sieves,
protonated merocyanine isomers of the
spiropyrans have to be considered, too. The
different spectral patterns will not be
discussed here.[! Exemplarily, from
Figure 6 it is seen that for the spiropyrane
2 in the faujasite DAY photochromic
absorption changes occur. Figure 7 shows
by comparing now the photoinduced
switching cycles of 2 in a polymer film of
poly(vinylacetate) (PVA) and in DAY that
in the faujasite a much better stability of the
reversibility is obtained. In PVA the
extinction between of the absorptions in
the initial and the final state decreases 50%
after 7 cycles whereas in DAY a 50%
decrease is observed after 80 cycles. In
order to prepare from the powdered
crystals now compact samples, which are
in practical applications necessary for
better handling, dye loaded molecular
sieves were dispersed in organic polymers.
With a copolymer of 2,22-trifluoroethyl

F(R)

100 150 200 250 300 350 400

Time / min

Figure 7.

Photoinduced switching cycles for (a) 2 in PVA and
(b) the merocyanine isomer in the DAY zeolite at 1 =
420 NM (Leyc =467 Nnm and 347 nm)
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methacrylate optical
achieved.!"”!

homogeneity was

Binding of Dye Molecules at
Internal Pore Walls of Si-MCM-41

One possibility to overcome the leaching of
chromophores and metal complexes from
wide-porous materials is their covalent
anchorage by a chemical reaction at pore
walls of a molecular sieve. Covalent binding
of functional molecules is useful for meso-
porous M41S exhibiting in the case of Si-
MCM-41 a pore diameter of ~3.1 nm.
Binding on the external surface cannot be
excluded. Therefore after method 1 in a first
step the external surface of calcined and
detergent free MCMs through the reaction
with dichlorodiphenylsilane in THF at RT
can be passivated."® Then in a second step
aminopropyl-groups are introduced to the
inner pore walls by the reaction of internal
Si-OH groups with 3-aminopropyltriethox-
ysilane in dichloromethane at RT. In a third
step the 3-aminopropylsilyl-MCM-41 is
reacted with the sulfochloride of a phtha-
locyanine metal complex 3, the sulfochlor-
ide of a sulfo-rhodamine B22 4 (Figure 8) or
a carboxylated azo dye either in dichlor-
omethane, acetonitrile or DMSO to
achieve covalent binding of the chromo-

0— —0_ R
Si —o;Si’\/\N‘
o 0 H

[/ /][]

external
surface

inner pore
wall

R= Bound to 3 (tetrasulfophthalocyanine)
or 4 (sulfo-rhodamine B22)

Figure 8.
Covalent grafting of dye molecules at internal pore
walls of Si-MCM-41.
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phores. Loadings with dyes of ~0.01
mmol g~! were determined. If the silylation
in the 2™ step is carried out with N-
trimethoxysilylpropyl-N,N,N-trimethylam-
monium chloride positively charged inter-
nal walls are obtained.!'®! Then with the
negatively  charged 2,9,16,23-tetrasul-
fophthalocyanine 3 in DMSO an ionic
binding with loadings of ~0.1 mmol g~" is
achieved. The reflectance spectra in
Figure 9 show by the characteristic Q band
transition at ~670 nm and indicate that the
phthalocyanine metal complexes after
covalent or ionic binding are mainly
monomeric distributed in the internal walls
of Si-MCM-41. Another possibility is the
more simple impregnation of pore walls of
Ti containing Si-MCM-41 with phthalocya-
nine metal complexes.['”]

Another method for covalent anchoring
of chromophores at the walls of molecular
sieves was recently developed. The idea is
that after method 2 one monomer for the
hydrothermal synthesis contains a chromo-
phore covalently bonded to one of the
building blocks of the host lattice.”! By co-
condensation a covalent anchorage in the
molecular sieve is achieved. In order to
avoid splitting of the monomer-chromo-
phore bond during crystallization, the
microwave-assisted synthesis is advanta-
geous. For the anchoring of dyes at Si-

34 666 i r2.0
F(R) '
F15 §
2 4 =
/ o
2
F1,0 <
14 /a
b o5
e
0 b—= ERi. 10,0
500 600 700 800

Wavelength / nm

Figure 9.

Diffuse reflectance UV/Vis spectra of tetrasulfophtha-
locyanines in Si-MCM-41: (a) 3 (M =Si(IV) ionically
bound, (b) 3 (M=2zn(ll)) covalently bound. (c) 3
(M=2zn(l) in water in the presence of CTAC for
comparison.
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Figure 10.

Time dependence of the fluorescence intensity of 4
covalently bound at Si-MCM-41 in the presence and
absence of SO,. Middle and lower curve: 4 bound after
method 2 or method 1, respectively; no detergent
present. Upper curve: 4 bound after method 2; deter-
gent present.

MCM-41 different dyes like the sulfo-
rhodamine B22 4 were at first bonded to
3-aminopropyltriethoxysilane. A mixture
of 2.4 g tetraethoxysilane and 6-125 mg
modified dye were employed with cetyl-
trimethylammonium bromide in the synth-
esis of Si-MCM-41 which is finished under
microwave conditions at 30 min. at 130 °C.
The template was removed then with
aqueous HCI. The dye is monomolecular
encapsulated.””! The Rh B-Si-MCM-41 is
highly fluorescent. Rhodamine dyes had
been described as SO, sensors due to the
quenching of the fluorescence by this
molecule.['’]

The open pore system of the host allows
diffusion of molecules, especially gaseous
ones. Interaction with guest molecules can
alter the optical properties as known for
specific optical sensors.'”! For better prac-
tical use the powdered samples can be
dispersed in a polymer matrix. Sulfo-
rhodamine B22 4 anchored at the walls of
Si-MCM-41 was tested in a 10 pm thick film
of a polysiloxane on glass as sensor. A very
quick quenching of the fluorescence of the
rhodamine dye bound at MCM and
embedded in the polymer by SO, when
switching between the gases N, and SO, is
observed (Figure 10).2°! The quenching

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

rate is determined by the diffusion of SO,
within the pores. In the as-synthesized
sample containing the detergent the diffu-
sion of SO, is hindered (upper curve in
Figure 10). The decrease of the fluores-
cence intensity is three times slower in
comparison to two samples without deter-
gent prepared after the two different before
discussed procedures (middle and lower
curves in Figure 10).

Encapsulation of Dyes during
the Hydrothermal Synthesis
of Molecular Sieves

If dye molecules are added to the gel
mixture of the hydrothermal molecular
sieve synthesis, a co-inclusion (in addition
to water and template) can occur. This
method allows to encapsulate dye mole-
cules exceeding the pore openings which
means leaching-stable encapsulation. In
order to achieve a successful formation of
the lattice structure of the molecular sieve
around dye molecules some pre-supposi-
tion must be fulfilled: The dye should be
soluble in the gel mixture; alkaline or acidic
pH, high reaction temperatures and long
reaction times for the conventional mole-
cular sieve synthesis can decompose the
dye, therefore the microwave-assisted
synthesis as discussed before is advanta-
geous; if the diameter of the dye molecules
exceeds the diameter of the internal void
structure, they are included in mesopores
surrounded by the crystalline lattice; care
must be taken for the influence of the dye
on phase purity and morphology. Encapsu-
lation of various dyes in the framework of
different molecular sieves were studied
by us (exemplarily selected references):
methylene blue in zeolites and AIPOs;?!4]
thioindigo in zeolite faujasites;?!®
marin, rhodamine, oxazine dyes in AIPOy4-
57221 phthalocyanine metal complexes in
AIPOy4-5 and Si-MCM-41, and porphyrins
in faujasites.!*’!

Exemplarily, the addition of rhodamines
in AIPOy4-5 (channel diameter 0.73 nm) is
mentioned. A very suitable rhodamine dye

cou-
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is rhodamine BES0 5 (size ~0.85 x 1.6 nm?)
which contains in the ester group a ternary
amine comparable with the template tri-n-
propylamine (Pr3).”®! The total composi-
tion of the gel mixture employed for
microwave-assisted crystallisation is 2.0
Pr3N: 1.0 A1203Z 1.0 P205Z 150 Hzol
0.0016-0.162 Rh dye. All synthesis batches
produced after 45 min at T ~ 150 °C inten-
sively fluorescent pink-colored Rh-loaded
AIPO4-5 (color deepens with increase of
dye uptake) of good crystallinity. The
extent of encapsulation approaches a final
limit of ~0.03 expressed as the fraction dye
molecules per unit cell which corresponds
to around 10~ mol g~'. In the UV/vis
reflectance spectra the position of the
longest wavelength absorption at ~555-
560 nm is unchanged compared to aqueous
solution. The intensity increases with
higher loading. Important are the fluores-
cence spectra. The fluorescence intensities
of the fluorescence bands at 4 =570-600nm
depend on the dye loading and pass through
a maximum at loadings of ~400 to 200 unit
cells (u.c.) per dye molecule. The dye
concentration has been converted into
average distances of the dye molecules.
For an average chromophore distance of
~10-12 nm highest fluorescence intensities
of rhodamines are obtained which is shown
in Figure 11 for different rhodamine dyes.

Now the fluorescent dyes coumarin 40
(1; size 1.5x 0.6 nm?), rhodamine BE50
(5; size 1.6 x 1.3 nm?) and oxazine 1 (6, 1.6 x
0.85 nm?) were successfully incorporated in
one step during the microwave-assisted
hydrothermal synthesis of AIPO4-5.1%! Tt
was found that the matching between the
diameter of the AIPO4-5 channels and the
dimensions of the dye molecules and also
the solubility of the chromophores can
result in distinct non-uniform distributions
of the monomolecular encapsulated guest
molecules. The incorporation of different
dye molecules, absorbing and emitting light
at different energies (Figure 12), enables a
good panchromatic uptake of light, i.e., a
light harvesting over a broad region of
visible light. The energy of the entirely fixed
dye molecules is transferred in a predomi-
nantly radiative mechanism from the dye
absorbing at shorter wavelengths (cou-
marin 40) to the dye absorbing at higher
wavelengths (oxazine 1) via a dye absorbing
at intermediate wavelengths (rhodamine
BES50). This is shown by exciting coumarin
at short wavelengths and detecting the
fluorescence of oxazine (Figure 13). The
predominant energy transfer mechanism is
radiative as concluded from the fluore-
scence decay analysis.

Recently, the orientation and dynamics
of single dye molecules incorporated in the
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Figure 11.

Relative fluorescence intensity against the average separation of rhodamine dyes in AIPO,-5 (A: rhodamine

BE50 (5); I rhodamine B; W: rhodamine 3B).[7b]
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Coumarin 40
444 nm

F(R)

Rhodamine BES0
563 M Oxazine 1

T T
400 500

T T 1
600 700 800
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Figure 12.

Linear dependence of the absorption intensity in the diffuse reflectance spectra of AIPO,-5 loaded with a
mixture of 1(coumarin 40), 5 (fhodamine BE50) and 6 (oxazine 1) and of reference samples containing only one of
the chromophores. Inset: Pencil-like hexagonal AIPO,-5 single crystals containing the dyes.

channels of the microporous and mesopor-
ous materials were investigated in detail.**]
Single molecule spectroscopy is a modern
and powerful tool that allows studying the
interactions between an individual mole-
cule and its immediate environment. The
experimental data reveal the behaviour of
each molecule directly. Oxazine 1 (6) dye

Coumarin 40
490 nm

Fluorescence intensity

molecules were incorporated into the
channels of microporous AIPO4-5 crystals
in very low concentration which allows to
look for single molecules. As shown in
Figure 14a individual molecules are visible
as individual fluorescence spots. Now,
during the excitation the polarization is
rotated continuously. The curves in

Rhodamine BE50
585 nm

Oxazine 1
665 nm

L A L B
350 400 450 500 550

Figure 13.

L L R E N B R R
600 650 700 750 800 850

Wavelength / nm

Linear dependence of the fluorescence intensity in the fluorescence spectrum of AIPO,-5 loaded with the
mixture of coumarin 40, rhodamine BE50 and oxazine 1 using an excitation at 300 nm.
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Figure 14.

Measurements of orientation and spectra of single molecules of oxazine 1 (6) in AIPO,-5 in low loadings of
<107 mol g . (a) Confocal cross section through an AIPO,-5 crystal showing single molecules as diffraction-
limited fluorescence spots. (b) Polarization-dependent intensity traces for transmitted excitation light (upper
graph) and single-molecule fluorescence (lower graph). (c) Angular and spectral trajectories for an oxazine 1
molecule showing the most common case encountered in this system.

Figure 14b show the typical cosine-square
modulation for the transmitted light (upper
graph), and a single oxazine 1 molecule
(lower graph). The orientation of the
molecule remains constant with a value of
~143°. The angular distribution of all
molecules is broad and roughly aligned
with the main axis of the crystal. Molecules
remained with a fixed orientation during
the measurement. This confirms the expec-
tation that the tight fit of oxazine 1
molecules in AIPO4-5 results mainly in
immobile molecules that do not have any
freedom to move or to rotate. The data
analysis of the modulated intensity trace
and sequence of spectra gives ®(r), the
angular trajectory, and Am(¢), the spectral
trajectory. The graphs in Figure 14c show

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the corresponding data for the molecule
displaying a more representative oxazine-1
molecule in an AIPO45 crystal. The
orientation of the molecule also remains
constant (149 +5°) while the spectra fluc-
tuate rapidly only around a mean value of
685 nm in a range of 2 to 8nm. Therefore
oxazine-1 in AIPO4-5 do not have the
freedom to re-orient and show limited
spectral dynamics. This system represents
a static material in which the molecules are
entrapped and immobilized in a solid
matrix and stands as an example for a
static host-guest material, which is desirable
for solid-state optical applications. As
second host-guest system the movement
of a terrylenediimide dye molecules inside
the mesoporous network of Si-MCM-41
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Figure 15.

Lasing spectrum of a oxazine 1 loaded AIPO,-5 microcrystal with a concentration around 75 unit cells per dye

molecule and size of 7.5 wm width over flats.

was studied.[***! This type of system stands
as an example for materials in which
dynamics play a fundamental role, as is
desirable for sensor and catalysis applica-
tions.

After detailed analysis of fluorescence
behaviour of different laser dyes in AIPOy4-
5 the lasing properties were investi-
gated.>?! For example, AIPO,-5 crystals
with a barrel-shaped morphology in a
length of ~8 pwm (see Figure 2a) in the
crystallographic c-axis containing rhoda-
mine BES0 (5) or oxazine 1 (6) (content
~0.5 wt-%, ~75 dye molecules per unit cell)
were selected. The microcrystals were
pumped with 10 ns pulses from the
532 nm second harmonic of a Nd:YAG-
laser delivered to the sample with an optical
fibre. Stimulated emission was observed to
occur on several sharp lines with instrument
resolution limited width (Figure 15). The
emission is concentrated along the crystal
edges. The complex emission distribution is
compatible with the simultaneously
recorded spectrum which reveals multi-
mode emission. The properties of resulting
microlasers depend on size and shape of the
microresonators, which was discussed as

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

model for microscopic hexagonal ring
resonators. In a dielectric hexagonal prism
light rays can be confined by repeated
internal reflection to form a ring resonator,
and the resulting light distribution circu-
lates around as a whispering-gallery mode.
Photostability as important parameter was
also studied.

Conclusion

Polycondensations of oxygen containing
tetrahedra of the metal aluminium, the
semimetal silicon and the non-metal phos-
phorus in the presence of structure direct-
ing agent results in microporous and
mesoporous molecular sieves like zeolite
faujasites, AIPO4-5 and Si-MCM-41. The
microwave-assisted hydrothermal synthesis
is advantageous compared to the convential
procedure due to the short reaction time.
But care must be taken to get the right
phase and suitable morphologies. Perma-
nent encapsulation of various dyes after
different methods was achieved: in-situ
synthesis in the framework of faujasites,
binding at internal pore walls if mesoporous
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molecular sieves, addition to the hydro-
thermal mixture of the synthesis mixture.
Monomolecular distribution of dyes in the
framework of the hosts is obtained. After
single molecule spectroscopy dye mole-
cules in AIPO4-5 show a distinct and stable
orientation along the channel axis. The
molecules in this medium act as reporter on
a distinct orientation. The high absorption
and fluorescence intensities of the encap-
sulated dyes show their monomolecular
distribution in the framework of the hosts.
Based on these finding the composite
materials are interesting for optical appli-
cations. This was successfully shown for
photochromic switches, optical sensors and
lasing.
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