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We show that the intercalation of dye molecules, which penetrate the cylinders from the bottom and the top
surface, into the linear channels of zeolite L can be observed with the help of a fluorescence microscope. By
means of a polarizer, we have proved the alignment of the dye molecules in the channels, because maximum
luminescence appears parallel to the longitudinal axis of the microcrystals and extinction perpendicular to it.
A simple and elegant experiment for the visual proof of the energy transfer from pyronine to oxonine in
zeolite is based on the observation that both dyes are intercalated from an aqueous solution within about the
same time. This leads to high dye concentrations in the zeolite and therefore to short distances between the
molecules, which enables energy transfer between them. This experiment also allows a simple determination
of the shortest distances between neighboring dye molecules along linear channels.

Introduction emission spectrum of these dyes. Owing to their favorable
The intercalation of appropriate dyes into zeolites leads to °iéntation and spectral properties, the calculétedf the dyes
highly anisotropic arrangements in which the dye molecules are &€, €ven atlow loadings, higher than those of a natural antenna
present as monomers up to very high concentraiofuo- system, for which 0.2 p3 has been measurédThe supramo-
rescent dyes thus help to create organized systems that absorlgcularly organized dye molecules therefore meet an important
light within the volume of microcrystals and are able to transport condition for an artificial antenna systémOrganic dyes in the
excitation energy to a defined site on their surfate8ve cavities of zeolites are examined in view of nonlinear optical
describe the intercalation of the two cationic dyes pyronine (X properties of these materials and possible applications as data
=0, Y =C—H) and oxonine (*= O, Y = N) into the channels  storage device%. In contrast to such applications, antenna
of zeolite L shown in Figure 1. For lack of space, these dyes systems need microcrystals of not more than a few micrometers
and therefore also their electronic transition dipole moment in length because, otherwise, radiative and nonradiative relax-
Us—s, are arranged lengthwise in the channels. Such systemsation processes domingte.
allow a very fast energy migration, preferably along the
channelg, as a sequence of Eer processes.The calculated
number of energy-transfer steps per time khitlepending on
the dye loadingp was reported in Figure 4 of ref 2y adopts
values between 0 for an unloaded zeolite to 1 for a zeolite loaded o . . . . . .
to its maximum. The energy migration constakitef oxonine zeolite is dt_escrlbed. This experiment furnl_shes mformatl_on
and pyronine differ at the sanpeto a factor of 4, which is due about the distance between dye molecules in zeolites. Since

to the different spectral overlap between the absorption and the material’s morphology is essentlalye have refined the
synthesis procedufdor the production of cylindrical zeolite
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In this work we show how the intercalation of pyronine and
oxonine into the cylindrical zeolite L microcrystals can be made
visible. Moreover, a simple and elegant experiment for the
visual proof of the energy transfer from pyronine to oxonine in
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Figure 1. Schematic representation of an artificial antenna system
based on organic dyes as chromophores. The rectangles symbolize sites
for the dye molecules. The enlargement shows a detail of the zeolite L
channels, with a dye molecule (pyronine=XO, Y = C—H; oxonine,

X =0, Y = N) and its electronic transition dipole moment, which is
aligned along the channéls.

Experimental Section

Pyronine and oxonine were synthesized and purified accord-
ing to the procedure in literatufe Synthesis of zeolite L: The
molar composition of the initial solution was 2.6®, 1.0 ALOs,

9.7 SiQ, 161.3 HO. AIl(OH); was dissolved in boiling heat

in a solution consisting of KOH and water and, with strong
stirring, added to a mixture of colloidal silica and water. After

a few minutes this mixture had turned into a thick gel, which
was then transferred into a pressure-tight PTFE reaction vessel.
Crystallization followed without stirring at 160 within 6 days.
After cooling, the upper part of the strongly alkaline solution
was decanted. The white residue was washed with boiling water
until the latter reacted neutrally and then air-dried for 14 h at
100°C. With this procedure, cylindrical microcrystals of 1.5
um in length and a diameter of 950 nm were obtained. If the
molar composition of the initial solution is 3.3,K), 1.0 AbOs,

9.7 SIQ, 162.0 HO, the same procedure leads to zeolite L
microcrystals of 300 nm in length and 750 nm in diameter. The
zeolite L microcrystals were characterized by X-ray powder Figure 2. (a, upper) Electronic microscope picture of a zeolite L
diffraction, thermogravimetry, and electron microscope. For microcrystal with a length of 1.5um. (b, lower) Fluorescence
the production of dye zeolites of different loadings, zeolite L c’:}'gggﬁfgesp'rﬁtufr%% Pfss'r’;?r']eeii?]“éﬁg'-e ”Vviflfloszgﬁi"rfehal\‘/‘l’i'ggl :‘_ 'eznﬁth
(1,10 mg;2, 4 mg; 3, 2 mg; 4, 1 ”?9?5' 0.5.m_g) was addeed to exchange wlilth pyronine. Bottom: 2 h exchange with pyronine and
2.5 mL of an aqueous dye solution consisting 0k11I0° M afierwad 2 h exchange with oxonine.

pyronine and 6.6< 107 M oxonine, treated in an ultrasonic

bath for 10 min, and boiled at reflux for 2 h. The conditions

guaranteed a quantitative transfer of the dye molecules fromto the zeolite volume was within the range 0t5104 and 1

the solution into the channels of the zeolite in all dyeolite x 1072 mol/L. This means that the dye loadipgas defined
experiments. Hence, the dye concentration in the zeolite inref2, wasintherange of% 1073to 2 x 102 Fluorescence
microcrystals can be directly determined from the amount and spectra were recorded on a Perkin-Elmer Luminescence Spec-
the concentration of the applied dye solution. In the energy- trometer LS50B and fluorescence microscopic pictures with an
transfer experiments, the concentration of each dye with respectOlympus BX60 (filter block U-MNB).
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Figure 3. Photographic picture of the fluorescence of suspenslotts after specific excitation of pyronine at 254 nm. The dye concentration
inside the zeolite microcrystals decreases frbito 5 at a factor of 20.

Results and Discussion

We were able to show that the intercalation of dye molecules,
which penetrate the cylinders from the bottom and the top
surface, into the linear channels of zeolite L can be observed
with the help of a fluorescence microscope. For this purpose, I
microcrystals of 0.9xm in diameter and 1.6m in length were 0.5
used, which corresponds to the EM picture in Figure 2a. 1
Fluorescence microscope pictures of such samples after different
exchange times are shown in Figure 2b. After an exchange
time of 5 min with pyronine, its characteristic green fluorescence
can be observed at both ends of the cylinder, while the section
in the middle remains dark (Figure 2b, top). During this short
exchange time, the dye molecules, coming from both sides, only
penetrate a small part of the inside. After an exchange time of
2 h, the fluorescent areas have become larger because the dyes A/mm ——
on both sides have moved toward the inside (Figure 2b, middle). _

. . . 4 . 10

If this sample is then exchanged with an oxonine solution for
2 h, a stacking of the molecules inside the microcrystal is
achieved. This can be made visible by the green emission of I
pyronine in the inside and the yellow emission of oxonine near
the bottom and the top surface (Figure 2b, bottom). The
emission of oxonine here appears yellow instead of red because, @py
for technical reasons, the picture has been taken through a filter QX 5
that only lets the energy-rich part through. The stacking of the
dyes shows very nicely that during the oxonine exchange, the
intercalated pyronine does not leave the zeolite any more.
Otherwise, a blending of the dyes in the solution and therefore
also inside the zeolite could be observed. The stacking also
shows that, inside the channels, the dyes cannot glide past each 0
other because the channels are too narrow. With the help of a 0 500 10 00 1500
polarizer, we have proved the alignment of the dye molecules Pl
in the channels, because maximum luminescence appears
parallel to the longitudinal axis of the microcrystals and Figure 4. Fluorescence spectroscopic examinations of suspertsighs
extinction appears perpendicular to it. after specific excitation of pyronine at 470 nm. (a, top) Fluorescence

The idea for the visual proof of energy transfer from pyronine SPectra. (b, bottom) RelatioQe,/Qox of the emission intensities of
to oxonine in zeolite L is based on the observation that both PYronine and oxonine as a function of the oxonine loagiggof the

; L zeolite.

dyes are absorbed from an agueous solution within about the
same time. This leads to high dye concentrations in zeolite pox, (correspondingly) increase by the same factor because the
and therefore to short distances between the molecules, whichchosen amounts allow a quantitative transfer of dyes from the
allows energy transfer between them. To carry out the solution to zeolitd. The experiments were carried out with
experiments, five suspensions with zeolite loaded to different zeolite L microcrystals of a diameter of 760 nm and a length of
degrees were produced by exchanging different amounts of 300 nm, which shortens the exchange time. The fact that the
zeolite L in the same volumes of a dissolved pyroringonine energy transfer of excited pyronine to oxonine depends on the
mixture. The amount of zeolite decreases in the suspensionszeolite loading can be observed very nicely if radiation is used
from 1to 5 by a factor of 20 in the total. The dye concentrations at 254 nm where only pyronine absorbs, as illustrated in Figure
inside the zeolite microcrystals, as well as the loadpgsind 3. The increase in loading leads to a gradual replacement of
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the green emission of pyronine, which is predominant in sample results in 21 A. A dye therefore occupies about three unit cells
1, by the red emission of oxonine, which has replaced almost along a channel because the length of the zeolite L unit cell is
all of it in sample5. Corresponding quantitative experiments 7.5 A2 In an analogous experiment with ZSM-12, 19 A was
are shown in Figure 4, again after specific excitation of pyronine, found for Ry, which in this material corresponds to about four
which here occurs at 470 nm. At the lowest loading, the green unit cells d 5 A each.
emission of pyronine predominants with a maximum at 523 nm.
An increase in loading causes this emission to decrease and Acknowledgment. This work was supported by the
the emission of oxonine to increase with a maximum at 609 Schweizerischr Nationalfonds zui ielerung der wissenschaft-
nm. At the highest loading, there is almost only oxonine lichen Forschung NFP 36(4036-043853) and by the Bundesamt
luminescence left, which corresponds to the emission of sampleflir Energiewirtschaft, Projekt 10441. We thank Prof. R.
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intensitiesQp,/Qox Of pyronine and oxonine verspsy is shown with the synthesis of zeolite L, and V. Bler for his competent
in Figure 4b. Qpy/Qox is @ measure of the energy-transfer rate help with the production of color pictures.
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